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THE NUTRITIONAL REQUIREMENTS OF LOCUSTS—IV. 
REQUIREMENTS FOR VITAMINS OF THE B COMPLEX 


R. H. DADD* 


Department of Zoology and Applied Entomology, 
Imperial College of Science and Technology, London 


(Received 3 May 1960: revised 16 Fuly 1960) 


Abstract—By omitting single vitamins from synthetic diets on which the locust 
Schistoeerca gregaria (Forsk.) could be reared from the egg to the adult stage it was 
shown that thiamin, riboflavin, nicotinic acid, pyridoxine, folic acid, meso-inositol, 
calcium pantothenate, biotin, and choline chloride were necessary for proper growth 
Approximate minimal dosages for all these vitamins, with the exception of biotin, were 
determined. Besides impairing growth, the omission of inositol caused irregularities 
in the development of pigmentation. Hoppers of Locusta migratoria L. were unable to 
complete development on the basal diets used in these experiments, but, from a 
comparison of the rates of growth during the early instars, it appeared likely that 
the nine vitamins required by Schistocerca were also necessary for this species 


INTRODUCTION 
It is generally accepted that all insects require the water soluble vitamins thiamin, 
riboflavin, niacin, pyridoxine, and pantothenic acid, and in most cases folic acid, 
biotin, and choline. Although usually included in synthetic diets, inositol and 


p-aminobenzoic acid have, with one doubtful exception, been found dispensable 
(Tracer, 1953; Hinton, 1956; Lipke and FRAENKEL, 1956; FRIEND, 1958). 
Certain other substances may have the status of vitamins in specific cases. 


Several Tenebrionidae fail to develop normally without dietary carnitine 
(FRAENKEL et al., 1950; Cooper and FRAENKEL, 1952; FRENCH and FRAENKEL, 
1954), Hylemyia larvae grow poorly without thiotic (a-lipoic) acid (FRIEND and 
Patton, 1956), and the larvae of Aedes require glutathione, carnitine, and 
cobalamin (vitamin B,,) (SiInGH and Brown, 1957). Vitamin B,, was also found 
to be of significance in the nutrition of Hylemyia (FRIEND and Patton, 1956), 
Drosophila (HINTON et al., 1951), and Pseudosarcophaga (House, 1954). 

Diets lacking essential vitamins are sometimes adequate for normal develop- 
ment. This is so with Stegobitum and Lasioderma because intracellular symbiotic 
micro-organisms make good the deficiencies (PANT and FRAENKEL, 1954). Micro- 
organisms growing in the gut or in experimental diets may provide adequate 
amounts of vitamins, and for this reason it is generally desirable to demonstrate 
requirements for them under aseptic conditions using larvae from sterilized eggs. 

Aseptic techniques are essential when dealing with diets of high water content, 
for in these microbial development is otherwise always extensive. Dry diets have 
been used without asepsis to determine the vitamin requirements of several 
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insects (FRAENKEL and BLewett, 1943; FRAENKEL et al., 1950; NOLAND et al., 
1949), and in these cases, conditions for the growth of micro-organisms were 


presumably adverse. Where stringent requirements are found in such cases 


LipKE and FRAENKEL (1956) point out that neither an intestinal microflora nor 
microbial contamination of the diet is likely to have contributed significantly 
to nutrition. 

It was impracticable to rear locusts aseptically. However, as dry synthetic 
diets allowed satisfactory growth it was hoped that microbial contamination in 
these would prove insufficient to mask experimental deficiencies in B vitamins, 
more especially as fresh diet was provided every 2 days during the course of 
growth. This account shows that requirements for the major vitamins could be 


demonstrated clearly without aseptic techniques. 


METHODS 

Egg pods of Locusta migratoria L. and Schistocerca gregaria (Forsk.) were 
supplied ready to hatch bythe Anti-Locust Research Centre, London. On hatching, 
hoppers were used in growth experiments within 24 hr. Procedures followed are 
described in the previous papers of the series (Dapp, 1960a, b). Groups of 
hatchlings obtained equally from all pods used in one experiment were reared 
on synthetic diets of different vitamin content. The effects of particular vitamins 
were assessed by comparing growth on diets lacking them with growth on a control 
diet having the complete set. 

The composition of a synthetic diet which had been satisfactory for both 
species is given in Table 1, A. As crude egg albumen and peptone might have 
contained appreciable amounts of water soluble vitamins, this diet was considered 
unsuitable as a control for determining B vitamin requirements. Substitution of 
additional fat- and vitamin-free casein for albumen and peptone rendered the 
diet inadequate, but it was found that with the composition given in Table 1, B, 
a diet containing vitamin-free casein as the sole protein would support complete, 
though retarded, larval growth in Schistocerca. Furthermore, with certain other 
grades of casein (Table 1, C) the growth of Schistocerca was as good as on the 
‘mixed protein’ diet A. These ‘casein only’ diets were therefore suitable for 
vitamin studies with Schistocerca. Unfortunately Locusta failed to complete larval 
growth on diets containing casein as the only source of protein, and consequently 
it was not possible to obtain completely satisfactory results for this species. 

The preparation of diets has been described in detail in the first paper in the 
series (Dapp, 1960a). Lipid components dissolved in chloroform were ground 
with casein and cellulose and the chloroform evaporated off. The powder thus 
obtained was then mixed with other bulk components (salts, sugar, peptone, etc.) 
which had previously been finely ground together. Water soluble vitamins were 
then added in solution of appropriate concentration and the whole mixed to an 
even, friable consistency. 

This procedure required modification in preparing diets containing soluble 
casein, for on final addition of the vitamin solution doughy pellets were immediately 
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formed and rendered even mixing impossible. To obviate this, casein alone was 
first compounded with the lipids; cellulose was separately mixed into the othe: 
powdered bulk components, the whole being then mixed with the solution of 
vitamins. ‘The casein/lipid fraction was then added to the evenly moist past 
thus obtained, and the resultant mixture could then be ground to an even 


consistency without lumping. 


‘TABLE 1—COMPOSITION OF SOME BASAL SYNTHETIC DIETS USED IN EXPERIMENTS 
ON VITAMIN REQUIREMENTS 


Substance 


~ 


Cholesterol (mg) 
Cellulose powder (Light & Co.) (g) 
Linoleic acid (B.D.H. technical grade) (ml) 
Salt mixture* (Glaxo DL. 6) (g) 
Sucrose (g) 
White dextrin (Hopkins & Williams) (g) 
Bacteriological peptone (B.D.H.) (g) 
Egg albumen powder (B.D.H.) (g) 
Casein (B.D.H. fat- and vitamin-free) (g) 
Casein (B.D.H. light white soluble) (g) 
Ascorbic acid (mg) 
Vitamins: (in 10 ml 20% ethanol) 
Thiamin (ug/g diet) 
Riboflavin (ug/g diet) 
Nicotinic acid (ug/g diet) 
Pyridoxine (ug/g diet) 
Folic acid (ug/2Z diet) 
Ca pantothenate (ug/g diet) 
p-Aminobenzoic acid (ug/g diet) 
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Biotin (ug/g diet) 
Choline chloride (g/g diet) 1250 
Inositol («g/g diet) 250 


* The composition of this mixture is given in the first paper of this series (DADD, 1960a) 


Growth data were obtained by weighing hoppers individually every 2 days 


throughout the course of experiments. Results are expressed graphically, by 


plotting mean weights of the group of hoppers on each diet against time from 


hatching. 


RESULTS 

Growth curves from three experiments with Schistocerca in which vitamins 
were omitted individually are shown in Fig. 1. In experiments A and B, diets 
contained ‘fat- and vitamin-free’ casein; ‘light white soluble’ casein was used in 
experiment C. 

Clearly the omission of all test substances except p-aminobenzoic acid adversely 
affected growth. In the case of pyridoxine, choline chloride, nicotinic acid, and 
calcium pantothenate growth was very retarded from the start and no hoppers 
survived the third instar. This was also the case with folic acid in the two 
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experiments using vitamin-free casein, although with soluble casein a few hoppers 
reached the fourth instar before dying. On diets lacking thiamin or riboflavin 
growth was slightly retarded during the first two instars and considerably so 
during the third; although a few reached the fourth instar in all experiments, 
mortality rapidly ensued and few individuals lived beyond this stage. No adults 
were obtained on thiamin-deficient diets, but in experiment A, one individual 
on the riboflavin-deficient diet became a very small, malformed, adult female 
after 45 days, perhaps as a result of successful cannibalism. 

In all experiments omission of biotin retarded growth, although mortality 
was not heavy until the fourth instar. No adults were obtained in experiment A, 
and only one deformed female in experiment B. With the soluble-casein diet used 
in expermment C, however, 35 per cent became adult, although all were small and 
more or less malformed. Quite clearly biotin was essential in the diet, but the 
high proportion of adults obtained in experiment C suggests that appreciable 
amounts of the vitamin may be present in soluble casein 

Growth without inositol was poor from the start and on the vitamin-free 
casein diet few hoppers survived the third instar and none the fourth. With 
soluble casein, although growth was retarded throughout, four hoppers (out of 
twenty-four alive on the sixth day) reached the fifth instar and of these two became 
adult. Of particular interest was a frequent failure to melanize properly when 
inositol was lacking. ‘This became apparent at the first moult, and gave rise to 
hoppers with the type of reduced black markings obtained on rearing in isolation, 
although at this stage numbers were quite sufficient to ensure gregarious conditions 
No effect of the sort was observed with other diets, even when the numbers of 
survivors were severely depleted 

From these experiments it was clear that Schistocerca required dietary supplies 
of the eight commonly needed water soluble vitamins, and in addition showed 
an unusual requirement for inositol. Results for a series of experiments aimed 
at determining the optimum concentrations of these vitamins are shown in Fig 
Biotin was not examined, owing to the difficulties presented by the very minute 
amounts of it which were likely to be needed, especially as it was possible that 
the soluble casein used to provide a satisfactory basal diet might contain almost 
adequate concentrations. As time was limited and the number of diets involved 
considerable, experiments were terminated when a single batch of diets ran out 


‘his usually occurred after 20-24 days’ growth 


An exception was made in the case of inositol. This experiment was carried 


through to adult emergence because of the special interest of this vitamin in both 
growth and pigmentation The series of diets used in this case all contained 
8-carotene at a level of 0-8 mg/g diet. ‘This substance was included in order to see 
whether in addition to an effect on melanization the pigmentation caused by 
carotene was influenced in any way Che possibility of this occurring came to 
mind because carotene was shown to influence insectorubin pigmentation (Dapp 
1957), and insectorubin may be related to melanin (GoopwWIN and Srisuxn, 1950 


NICKERSON, 1956) 





R. H. Dapp 
Dosage curves for eight B vitamins given in Fig. 2 indicate that the minimum 
vels which support apparently normal growth (or in the case of inositol, normal 
gmentation) may be delimited as given in ‘Table 


In this series of experiments growth on diets lacking thiamin, riboflavin, and 
acid was notably better than had previously been tl 


might indicate the presence of 
white soluble casein used It 


amples of casein used in experiments 
ere show! to 


case (cf. Fig. 1, C) 
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on growth observed highest concentrations of 
ilthough these rang up to ten times the 
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\ failure of melanization was again noted on diets with low concentrations of 
inositol, although the effect was less pronounced than in the previous experiments 
where diets lacking carotene had been used Whereas in the first experime nts 
some hoppers lost all black markings except for a small spot at the rear of the 


in this experiment 


pronotum and lines of spots along the dorsum and sides of the abdomen, the 
deficiencies wu 


showed mainly as ‘compound 


melanization’ 
(STOWER, 1959) in which areas normally black appeared as ‘shadows’, particularly 
on the pronotum 


At the fourth instar the proportions of hoppers having this 
type of reduced melanin pattern were as given in Table 3 
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Low concentrations of inositol interfered with carotene-dependent pigmenta- 
tion. The pink tinge of second and third instar hoppers was present with all diets, 
perhaps more intensely with high concentrations. However, in the absence of 
inositol the yellow ground colour due to integumental carotenoids failed to develop 
in the fourth instar. Yellowing of an intensity comparable with that obtained on 
grass occurred on diets with 500 and 1250 ug/g, and intermediate intensities were 
noted with intermediate levels of inositol. When all hoppers in this experiment 
were in the fourth instar they presented a graded series in which intensity of 
yellowing paralleled the dosage of inositol. In the fifth instar these differences 
were not so apparent, for those hoppers which survived on diets without inositol 
developed slight yellowing at this stage, while those with high concentrations 
in most cases lost the intensity of coloration which they had in the fourth instar. 
Unfortunately time precluded further examination of this effect, but even so it 
was quite clear that lack of inositol interfered with the normal development of 
both melanization and the yellowing due to carotene. 

Although it was not possible to rear Locusta satisfactorily on either of the 
‘casein only’ diets, survival was good up to the third instar, and in this restricted 
span of growth it was possible to detect marked differences on omission of the 
vitamins. ‘The results of three experiments are given in Fig. 3. In experiment A 
‘fat and vitamin free’ casein was used in the diets; in experiments B and C diets 
contained ‘B.D.H. light, white soluble’ casein. 

Growth ceased early on diets lacking thiamin, riboflavin, nicotinic acid, 
pyridoxine, pantothenate, and choline, and was consistently though less markedly 
retarded where inositol and biotin were absent. Omission of folic acid had little 
initial effect, but in the third instar high mortality and retarded growth of the 
survivors showed this substance to be essential. 

Unexpected results were obtained on diets lacking p-aminobenzoic acid. In 
experiment A, with vitamin-free casein, the rate of growth was similar to that of 
the control but mortality was complete at an earlier point; in two experiments 
with diets containing soluble casein, however, growth was severely retarded. This 


suggests that Locusta might require p-aminobenzoic acid, but in view of the 


limited adequacy of the control diet for this species such a conclusion must be 
considered tentatively. However, with this exception, it can be assumed that the 
major B vitamin requirements of Locusta are qualitatively similar to those of 
Schistocerca. 

It might be thought that the failure of Locusta to grow on ‘casein only’ diets 
indicated a requirement for some accessory factor contained in albumen or peptone 
and present in sufficient amount for Schistocerca in soluble casein, although 
insufhcient for Locusta. With this possibility in mind the effect of augmenting 
diet B, ‘Table 1, with other vitamins which had been found of importance for 
specific insects was examined in the course of experiments aimed at rendering 
‘vitamin-free casein’ diets adequate. However, carnitine, thioctic acid, cobalamin, 
glutathione, adenine, and yeast nucleic acid, alone and in certain combinations, 
were unable to improve growth of either Schistocerca or Locusta on diets with 
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asein as the only protein. It must be supposed then that if the deficiency is a 


uestion of an accessory factor (it might equally well be a matter of amino acid 


} 
} 
I 


eficiency or imbalance) the factor is one not commonly encountered 


DISCUSSION 

qualitative requirements of locusts for B vitamins are on the whole similar 
» those of other insects, their need for inositol being the only remarkable feature. 
[he meagre quantitative data available for comparison have been tabulated by 
[RAGER (1953 If allowance is made for the fact that in some cases minimal 
concentrations are expressed per unit volume of media containing up to 95 per cent 
vater, requirements are of much the same order for Drosophila, Aedes, Tribolium, 
Schistocerca, most B vitamins being required in amounts not exceeding 
of the dry components of the diets used. Requirements for biotin are 
lower, and choline stands apart in being required in exceptionally high 
oncentrations (Breck et al., 1949; NOLAND et al., 1949; LEMONDE and BERNARD, 

1955) as it is for Schistocerca. 
It was of considerable interest to find that locusts required dietary inositol, 
for in spite of an early report that it affected growth in Ptinus (FRAENKEL and 
BLEwETT, 1943) it has generally been discounted as an essential vitamin for insects 
HINTON, 1956; LipKe and FRAENKEL, 1956). However, recent reports indicate 
that growth and maturation of Periplaneta are adversely affected on diets lacking 
inositol (FORGASH, 1958), and it is essential for the growth of larvae of the cotton 
boll weevil (VANDERZANT, 1959). ‘The optimum amounts required for Periplaneta 
(40-80 ug/g diet) are rather lower than those needed for normal melanization in 
Schistocerca. It is of interest to note that both Schistocerca and Locusta can utilize 

inositol in large quantities in place of carbohydrate (Dapp, 1960b). 

lhe effects on the pigmentation of Schistocerca which were observed where 
inositol was in low concentration or absent from the diet are difficult to account 
for in the absence of definite information on the physiological function of this 
substance. It is known as a constituent of certain phospholipids and in vertebrates 
is generally held to be concerned in the mobilization and transport of lipids. 
If a function of this sort is operative in insects it may be supposed that the failure 
of the fourth instar to become yellow was caused by faulty mobilization of carotene, 
itself a lipid. ‘The affect on melanization may perhaps be envisaged as a secondary 
consequence of interference in the mobilization of carotene, for apart from the 
possibility earlier mentioned of a relationship between carotene, insectorubin, and 
melanin, it has been possible to show that in special circumstances the development 
of melanin in Locusta is dependent on carotene (Dapp, unpublished results). 
In the absence of more precise information on the metabolism of these pigments 

further speculation is fruitless 
In view of the retarded growth of Schistocerca and the incomplete development 
of Locusta on the diet containing highly purified casein as the only protein, the 
possibility of a need for further growth factors associated with the less purified 
proteins must be borne in mind. Moreover, even on the best synthetic diets 
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available it has been impossible to rear adults of either species which would mature 
satisfactorily and reproduce. While this remains so, it would be premature to 
assume that plant-derived accessory factors are unimportant for locusts, for 
although one phytophagous insect, Pectinophora, has been shown not to require 
plant adjuvants during several generations of growth on synthetic media 
(VANDERZANT, 1957) others are dependent upon unknown substances contained 


1¢ 


in such preparations (Isnt, 1956 


SUMMARY 
1. When thiamin, riboflavin, nicotinic acid, pyridoxine, folic acid, Ca panto- 
thenate, or choline were omitted singly from synthetic diets which allowed good 


growth of Schistocerca hatchlings to the adult stage, growth was greatly retarded 


st 


and no adults were obtained. The omission of mesoinositol or biotin markedly 
retarded growth although some individuals became adult; these deleterious 
effects were lessened when ‘light white soluble’ casein was used in the diet in 
place of ‘fat- and vitamin-free’ casein. p-Aminobenzoic acid was without effect on 
growth. Minimal requirements for all the essential vitamins except biotin were 
determined approximately 

2. In addition to its effect on growth, inositol was shown to influence pig- 
mentation. If absent, or present in subminimal amounts, gregarious hoppers had 
reduced melanin patterns and the appearance of cuticular carotenoids in the fourth 
instar was prevented or delayed 

3. Locusta could not be reared satisfactorily on the basal diets used in these 


experiments; growth was poor from the start and few individuals survived beyond 


the third instar. However, comparisons of growth rates for the first three instars 
indicate that the same nine vitamins required by Schistocerca are also necessary 
for Locusta. 

4. In comparing the vitamin requirements of locusts with those of other insects 
interest attaches mainly to the unusual need for mesoinositol, a substance usually 
considered dispensable in the nutrition of insects. 
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Abstract—The mosquito Culiseta inornata has taste receptors on all the tarsal 
segments except the first. The labellar lobes also bear these sense organs. The 
sensitivity of these receptors was determined for sucrose and glucose. Attached animals 
were used in the experiments. The criterion of tarsal stimulation with the sugars was 
a downward movement of the proboscis. Spreading of the labellar lobes was used as a 
test for stimulation of receptors on that organ. The median acceptance threshold 
for sucrose resulting from tarsal stimulation was 0-135 M and the corresponding 
value for the labellar lobes was 0-0107 M. With glucose, the threshold was 2°095 M 
for the tarsi and 0-425 M when the labellar lobes were stimulated 


INTRODUCTION 
Stupies on the contact chemical senses of insects have demonstrated that many 
species of Diptera bear gustatory receptors on their legs and labella. MINNICH 
(1926a) reported that Phormia regina Meigen, Phormia terrae-novae R. and D.., 
and Lucilia sericata Meigen extended the proboscis upon appropriate chemical 
stimulation of the tarsi. MINNICH (1926b) identified the organs of taste on the 
labellum of Phormia regina by the application of sucrose to a single sensory hair. 
The investigators who followed have used the proboscis response as an index of 
stimulation in studies on the chemical sensitivity of the tarsi and labella of a 


number of muscoid flies. Procedures based on this principle have made possible 


refined studies on acceptance and rejection thresholds, summation, adaptation, 
and the stimulating effectiveness of different chemicals (DeTHrER, 1955) 

The histology of the sensilla concerned with taste has been studied by 
GaBROWSKY and Dernier (1954) and Dernier (1955). These chemoreceptor 
organs are sensilla trichoda which have two lumina, blunt tips, and are innervated 
by three neurons 

In contrast with the extensive work on contact chemoreception in other 
insects, little is known about this aspect of the sensory physiology of mosquitoes 


FRINGS and HamMruM (1950) determined that gustatory receptors were present on 
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with this area by means of a film on a glass loop. The tarsal segments were placed in 


contact with the solutions in a Syracuse watch glass. The first segment was tested after 


removal of those more distal, and the second, third, and fourth, in turn, by the same 


procedure. In testing the fifth segment care was taken to touch no others with the solution. 
Chemosensory hairs on the labella 

Experimental evidence of the chemosensory activity of one of the longest hairs on 
the labellum was achieved by touching the tip with a film of 1 M sucrose on a minute 
Owing to the small size of the hairs, this procedure was used to avoid mechanical 
stimulation. The proboscis was detached and mounted in P.V.A. lactophenol on micro 


slides for study of the labellar hairs with a phase contrast microscope. 


glass lox yp 


tribution < } acceptance thresholds of Culiseta inornata for sucrose and 


function ntration \ sucrose—labella, B = sucrose—tarsi, C 


lla D gluce if 


Mise ellaneous f rocedure § 


Precautions were taken to obtain data which would be valid and free from personal bias. 


‘The experimental animals were selected at random as pupae, at the time of attachment, 


and again when the tests were run. They were tested in groups of ten for each concentration 
The tarsi or labella of each mosquito were tested only once at one 
concentration, and the animal was not used again. Consequently, the data for tarsi are 
of individuals and those for the labella are for another. The different 
concentrations of sugars were given code numbers so that the investigator would be as 

The lowest concentration 


on a particular day 
for one series 


objective as possible in interpreting the responses of the insects 
cent of the mosquitoes responded was determined for each sugar in relation 


at which 50 per 
This figure represents a median acceptance 


to the two separate groups of sense organs 
threshold for the individuals tested (DeTHIER and CHADWICK, 1948). Statistical treatment 


f the data was based on probit analysis as presented by Finney (1952). 


RESULTS 


Experimental proof was obtained for the presence of taste organs on the second, 
third, fourth, and fifth tarsal segments. The distal end of the tibia and the first 


tarsal segment appear to be inactive 
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Identity of the taste receptors 


Evidence is overwhelming for the presence of taste receptors on the tarsi, but 
experimental proof confirming the identity of these sensilla must await further 
study. The longest hairs on the labella were shown to be chemosensory. These 
average 70 « in length and appear to have two lumina. 


Sensitivity of tarsi and labella 


Probit regression lines showing the relationship of percentage responding to 
concentrations of sugars are presented in Fig. 1. 
The data on thresholds, their standard deviations, and limits of confidence at 


the 95 per cent level appear in Table 1. 


TABLE 1— MEDIAN ACCEPTANCE THRESHOLDS FOR SUCROSE AND GLUCOSE WHEN APPLIED 
rO THE TARSI AND LABELLA OF Culiseta inornata 


Total Range in Threshold : Confidence limits 
j 
S 
Sugar no molar in tandard in molar conc 


| > - 
tested* conc molar conc deviation at 95 level 


Tarsi Sucrose 600! 0-50—-0-015 3 0-1677 0-105-0-170 
Glucose 250" 3-0-0-50 s 0-0586 1-60—2-740 


Labella | Sucrose | 500° 0-031-—0-0017 0-0107 0-2226 0-0077-0-0148 
Glucose 250? 1-0-0-063 0-425 0-2724 0-295—0-620 


* Males and females were used in equal numbers. 


(1) 100 individuals were tested on each of six concentrations 
(2) 50 individuals were tested on each of five concentrations. 
(3) 100 individuals were tested on each of five concentrations. 


DISCUSSION 

Studies on the contact chemical senses of attached insects are based on the 
premise that the responses observed are identical with the same behavioural 
patterns of free individuals. ‘The downward movement of the proboscis, to make 
contact with an acceptable solution, was confirmed by all our data to be a true 
gustatory response. ‘These results are consistent with the observations of 
Frincs and Hamrum (1950). This behaviour appears to be identical with that 
observed when a hungry mosquito perches on a pad of cotton saturated with a 
10°% solution of sucrose. 

Interpretation of the proboscis movements of a mosquito is certainly more 
subjective than recognizing an extension of the proboscis of a blowfly, as 
described by MINNICH (1926a). However, after a study of 850 experimental 
animals and approximately 150 additional individuals during the preliminary 
observations, we are convinced that this response can be judged with a high 
degree of accuracy. In our experience, the labellar response, as described by 
Frincs and Hamrum (1950), is always associated with acceptance of liquids in a 
dish. The use of this reaction as a valid gustatory response seems justified. 


2 
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FrinGs and Hamrum (1950) found that the proboscis response of Aedes aegypti 
females was often overshadowed by other reaction patterns when the tarsi were 
touched with artists’ brushes bearing 1 M sucrose. Attached Culiseta inornata 
behave in the same manner when tarsal contact is made with an object which they 
are able to grasp. This reaction to a tactile stimulus may be avoided, as was done 
in our experiments, by placing the test solution in a watch glass and touching the 
tarsi to the surface film. 

Taste thresholds as determined by the methods used in this study are unknown 
for other species of mosquitoes. Hosoi (1959) gives the threshold of gorging for 
sucrose in Culex pipiens var. pallens as 0-0625-0-0312 M when the solution was 
brought in contact with the tip of the proboscis. A similar value for glucose was 
0-125 M. These results were based on small numbers of individuals and, for this 
reason, may not represent the true threshold of the labella. Furthermore, during 


aspiration of fluids, sensilla in the buccal cavity are in a position to be stimulated 


(Day, 1954). Until more is known about the physiology of aspiration in mosquitoes, 
a distinction probably should be made between threshold values for gorging and 
those obtained by stimulating only the labella. 

Taste thresholds for sucrose and glucose have been compiled for a number of 
insects by Hassett et al. (1950). For the sake of brevity, the values for Cultseta 
will be compared only with the muscoid flies. The acceptance threshold for sucrose 
resulting from tarsal stimulation was 0-135 M for the mosquito and 0-0098 M for 
Phormia regina. Similar figures for glucose are 2-095 M and 0-132 M. These 
comparisons would indicate that the tarsi of Phormia are almost fourteen times 
more sensitive to sucrose and nearly sixteen times more sensitive to glucose. In 
like manner, the labellar sense organs may be compared with Calliphora erythro- 
cephala, as reported by HASLINGER (1935) and re-evaluated by the above authors. 
The threshold for sucrose in Culiseta was 0-0107 M and for the blowfly 0-0035 M. 
The figure for sucrose was 0-425 M in comparison with 0-04 M. These data suggest 
that the labella of Calliphora were three times more sensitive to sucrose and almost 
ten times more sensitive to glucose. 

When one compares the stimulating effectiveness of the two sugars on the 
sense organs of Culiseta inornata, it will be noted that sucrose is 15-5 times more 
stimulating to the tarsi and forty times more effective on the labella than is glucose. 
These results on the relative stimulating effectiveness of the two sugars are in 
general agreement with the data of Hassett et al. (1950) for Phormia regina. 
Sucrose was found to be more acceptable than glucose to Aedes aegypti in feeding 
experiments by LANG and WALLIs (1956). 

Striking differences were obtained in threshold values between the tarsi and 
labella of Culiseta for the same sugar. The labella threshold for sucrose was 12-5 
times lower than for the tarsi, and the same figure for glucose was five times lower 
than for the tarsi. As DerTuHieR (1955) has pointed out, values obtained by the 
methods here employed actually represent central nervous system thresholds. 
Although this is true, it seems obvious that there are differences in the sensitivity 
of the organs on the labella and tarsi. ‘The lower thresholds for the labella may be 
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due either to the presence of more receptors or a higher sensitivity of each 
gustatory organ. 

The regression lines of the sugars (Fig. 1) represent another example in 
insect chemoreception of the principle emphasized by Deruter and CHADWICK 
(1948) that the distribution of thresholds is normal with respect to the logarithm 
of concentration. 


SUMMARY 
The sensitivity of the gustatory receptors on the tarsi and labella of Culiseta 
inornata has been determined for sucrose and glucose. The procedure employed 
was to attach the mosquito and observe its reactions when the solutions were 


placed in contact with the sense organs. A downward movement of the proboscis 


to accept the solution was used as an index of tarsal stimulation. This response is 
the same as that observed when a hungry mosquito perches on a pledget of cotton 
saturated with a 10% sucrose solution. Spreading of the labella was adopted 
as the criterion for stimulation of the receptors on this organ. ‘This is the normal 
reaction of the labella when the animal accepts fluids from a dish. The median 
acceptance threshold for sucrose resulting from tarsal stimulation was 0-135 M, 
and the corresponding value for the labella was 0-0107 M. For glucose, the 
threshold was 2-095 M in tests with the tarsi, and 0-425 M when the labella were 
stimulated. 

Organs of taste are present on the second, third, fourth, and fifth tarsal segments. 
The distal end of the tibia and first tarsal segment appear to lack these receptors. 

At least one type of chemosensory hair on the labella was identified. These 
sensilla average 70 « in length and appear to have two lumina. 
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Abstract—A direct effect of y-aminobutyric acid and f-alanine on the nerve chain 
of insects is a depression of electrical activity. Acetylcholine applied before these 
substances delays the depression. The inhibitory effect caused by these substances 
is replaced by restoration of bioelectrical activity up to the initial level, or disappears 
immediately under the influence of picrotoxin. 


INTRODUCTION 

Ir was recently shown by a number of authors that y-aminobutyric acid and 
B-alanine cause inhibition of bioelectrical processes in animals having a nervous 
system (IWAMA and Jasper, 1957; Purpura ef al., 1957; MARRAzzI et al., 1958; 
KUFFLER and Epwarps, 1958; Curtis et al., 1959; VERESHTCHAGIN and SYTINSKY, 
1960) and also in those which have no nervous system (KOSHTOYANTS and KOKINA, 
1959). It is also suggested that y-aminobutyric acid and its derivatives possess a 
specific inhibitory function in the central and peripheral nervous system (ROBERTS 
et al., 1958; Havasu, 1958; ELtiorr and Jasper, 1959). Inhibitory effects of 
bioelectrical activity in invertebrates by the above agents were shown mainly on 
crustacea (MCLENNAN, 1957; KurrLer and Epwarps, 1958; VAN per KLoot and 
RosBins, 1959), in the nervous systems of which y-aminobutyric acid was 
discovered (KUHNEN and Zocn, 1959). It is of interest to investigate the role of 
y-aminobutyric acid and f-alanine in the main nerve processes in organisms 
which are in different stages of evolutionary development. 

The aim of this research was to study the effect of y-aminobutyric acid and 
B-alanine on the bioelectrical activity of nerve ganglia of the Pine Moth 
caterpillar. 


METHODS 


Experiments were made on active caterpillars (Dendrolimus pini) at the last 
stage before pupation. The action potentials from nerve ganglia were picked 
up unipolarly with the help of steel, needle-shaped electrodes 10 yu in diameter. 
One electrode was introduced into the nerve ganglion, the other one was stuck 
into the fat body. The distance between the electrodes was 2-10 mm. Electrical 


activity was recorded by Ediswan and Alvar oscillographs. ‘The frequency 


characteristic of the amplifier is 0-75 c/s. The substances used were dissolved 
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in a physiological solution for insects: 4-5 g NaCl, 0-35 g KCl, and 0-21 g CaCl, 

per litre of distilled water (WILLIAMS, 1956). ‘The following concentrations of 

solutions were used: y-aminobutyric acid—0-01 M; 8-alanine—2-0 M; picrotoxin 
0-05 M; and acetylcholine—0-001 M 


RESULTS 
he bioelectrical activity of the suboesophageal and first thoracic ganglia before 
treatment with chemical substances was varied 
(he frequency of electrical oscillations in the suboesophageal ganglion 
varied from 12 18 c/s, and their amplitude from 50 to 130 pV. Accordingly 


ganglion the frequency changed within the limits of 15-45 c/s 
ude from 100 to 500 u\ 


ic frequency of the thoracic ganglion 
ot potent i] rec rded tron the subose sophageal ganglion by 
nes; but the potentials of the suboesophageal ganglion wer: 


the greatest amplitude 


fect of chemical agents on bioelectrical activity of nerve ganglia 


‘The effect of Y- uminobutyric acid on the nervous chain I ads to the de pression ot 


bioelectrical activity of the thoracic suboesophageal and ganglia. The amplitude 
of potentials was decreased from 180 to 


75 nV and the frequency decreased from 
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15 to 6 c/s (Fig. 1, B Il). In some experiments oscillations of the opposite sign 
have appeared (Fig. 1, A Il). The influence of y-aminobutyric acid on the effect 


caused by the use of acetylcholine has been studied in a number of experiments 


While acetylcholine was acting on the nervous chain, a levelling of bio- 
electrical effects of both ganglia was observed, and as a rule, a certain inhibition 


of bioelectrical activity lasting 1-5-2 min (Fig. 2, II a, b; Fig. 3, I]. If on 


150 nV 


yric acid was ust d, then in some cases ; igthening 

ivity was at first observed, when the amplituds was incré ised 

500 «Vv and tl requency twice as much. At the same time there 

rare potentials of high amplitude, e.g m iw. 2, Ill a, b). In other 

inifested itself in the change of the sign of electrical 

)sec (Fig. 3, IIT) hese oscillations then disappeared 

ones occurred for 35 sec with an amplitude 230 nV. Beginning with 

this moment in both cases further modifications of bioelectrical processes developed 
similarly At first the inhibition of frequent and slight oscillations takes place 
and potentials with comparatively high amplitude are recorded (Fig. 2, 1V a,b, V a,b; 


Fig. 3, V, VI) 
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Later on, a depression of electrical activity was observed. In this case the 
bioelectrical effect was intensified by the application of picrotoxin; potentials 
occurred with amplitudes of 350-850 uV and frequencies from 11 to 13 c/s (Fig. 
2, VII a, b). Later on the bioelectrical activity which was observed before the 
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Fic. 3. Bioelectrical activity of thoracic ganglion under the chemical effect. I—normal, 
11—introduction of acetylcholine, I11—the effect of y-aminobutyric acid, IV—disappearance 
of oscillations, V—35 sec from the moment of y-aminobutyric acid effect, VI—40 sec, 
Vil the effect of picrotoxin, VIll 30 sec after the effect of picrotoxin, IX the effect 


of 8-alanine 


effect of these agents is re-established (Fig. 2, VIII a, b). Approximately the same 
effects were recorded while f-alanine was applied, as its chemical structure is similar 
to that of y-aminobutyric acid; in some experiments the electrical activity was 
inhibited (Fig. 3, LX), in others the characteristics of the oscillations were 
changed (Fig. 1, C II). 


DISCUSSION 

In our experiments the direct application of y-aminobutyric acid and f-alanine 
to the nervous chain of the caterpillar changed its bioelectrical activity. At first 
the effect of these agents is manifested either in the depression of biopotentials 
or in the change of their sign. 

It is possible that these changes are caused by functional shifts in the nervous 
system of the animals. It is not excluded that the character of the change in 
potentials depends, to a certain degree, on how deep the electrode has been 
introduced into the ganglia. ‘The recorded depression of bioelectrical activity later 
increases, but it can be restored afterwards to the initial level. 
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The inhibition of bioelectrical activity caused by the effect of acetylicholin« 
disappears under the influence of y-aminobutyric acid. Then the depression of 
bioelectrical phenomena is recorded again. Recorded phases in reactions of 
nerve ganglia to the effect of these agents find their explanation in N. E. VepeNsky’s 


doctrine about general regularities of reaction of excitable systems on irritation 


(Vepensky, 1901). ‘The problem of y-aminobutyric acid and §-alanine as partici- 


pants in the processes of excitation and inhibition in insects is not yet solved 

Nevertheless, the facts obtained in the experiments can serve as evidence of the 
possible role of those substances in the activity of the nervous system of insects 
The data obtained prove the fact that y-aminobutyric acid and §-alanine have 


similar effects on bioelectrical activity in vertebrates and invertebrates 
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ved 9 Fuly 1960) 


cicada tymbal muscles and their innervation 

of the ganglion and the peripheral nerves was 

of the motor (tymbal) and sympathet« 

iscle from two to four repetitive spikes of the same 
up to 180 spikes per second were recorded at forty-five 
ition. Under identical conditions of stimulation, repeti- 
became after-spikes, lasting independently of 


of three to fifteen spikes interrupted by 


yal muscle ; ichronous with the rhythm 
nerve or ganglior On isolated stimulation 
the participation of the sympathetic nerve, 
ristered in the tymbal muscle; common single 
nulation 
mbal muscles were eliminated reversibly after 
mpatholytene Under the influence of low 
on of rhythmic after-activity was observed 
1 show that the specialization of the properties 
velops in the direction of frequent rhythmic 
which the participation of the sympathetic 


INTRODUCTION 

IN recent ars the tymbal muscles of cicadas have attracted the attention of 
electrophysiologists owing to the resemblance between the structure and functional 
properties of these muscles and fibrillar wing muscles of higher insects. 

he extremely high frequency of wing beat possessed by some species gave 
rise to a number of theories which explain this phenomenon partly by the action 
of mechanical properties of the whole flight system, partly by some particular 
functional properties of fibrillar wing muscles 

\ number of investigations may be mentioned in this connexion, such as 
Marey (1869) and Jaro_imec (1893) and later HetIpERMANN (1931), who found 
that the ability of wing muscles to respond to rhythmic stimulation by an incom- 


plete tetanus is partly responsible for the wing beat frequency. 


Lately the functions of fibrillar muscles have been widely discussed in con- 
nexion with the works of PRINGLE (1949, 1954a) and Roeper (1951). ‘These 
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authors, mainly the former, put forth a new theory, according to which myogenic 
rhythmic activity is inherent to fibrillar muscles of insects (Diptera and Hymen- 
optera) because the frequency of contractions of these myofibrils does not 
correspond to the cycles of excitation initiated by a stimulus applied to the nerve 
At first Pringle and Roeder considered that the stretch of the muscle by its 
antagonist was the adequate stimulus for contraction, provided that the muscle 
was in an excited condition due to the arrival of motor nerve impulses. 

Later on, Pringle changed his point of view and supposed that the myogenic 
rhythm depended on the mechanism of deactivation by a sudden release of 
muscles (PRINGLE, 1954b, 1957). As a suitable model for the investigation of these 
phenomena Pringle suggested the tymbal muscle of cicadas 

Our previous experiments proved that wing muscles of Locusta and of some 
Lepidoptera are typical fast muscles, the functions of which are fully subjected 
to impulses arriving along the motor nerve from the central neural system. Ac- 
cording to academician Orbeli’s point of view, one of the basic regularities of 
the evolution of somatic muscle functions is a gradually increasing subordination 
of their activity to the nerve impulse. ‘This impulse acquires a starting significance, 
muscles simultaneously losing automatic activity and accelerating the response 
to the nerve impulse (OrBeLI, 1945). We also traced the same regularities in the 
evolution of the functional properties of insect locomotor muscles (VOSKRESENSKAYA, 
1945, 1947, 1958, 1959) 

lhe Pringle-Roeder conception contradicts this point of view because it 
suggests the existence of the myogenic rhythm of activity and the insignificance: 
of a nerve impulse in the fastest and most highly specialized wing muscles of 
higher insects 

While examining the wing muscles of Locusta we found that their most charac- 
teristic peculiarity consisted in rhythmic after-contractions following the cessation 
of nerve apparatus stimulation and lasting for 10-50 sec Ihe detailed anal 
of this phenomenon showed that rhythmic after-contractions of wing mi 
of central neurogenic origin and are performed by a muscle only 
participation of the sympathetic nervous system (unpaired ventral 
improves functional properties of wing muscles (VOSKRESENSKAYA, 1950, 1' 
VOSKRESENSKAYA and SvVIDERSKY, 1960). We used this as a basis for our 
on ‘high frequency’ muscles of insects; the first series of thes 


performed on the tymbal muscle of cicadas 


MATERIALS AND METHODS 


he experiments were performed at the Karadagskaya B 
the Ukrainian Academy of Science in July-August 1959. ‘Th 
Cicadas (Cicada ornia, Fig. 1) were caught in the field and used within a few hours 


The cicada was pinned dorsal side up on a piece of cork. By removing the dorsal 


wall and alimentary organs we exposed the thoracic ganglion (1), wing muscles (2), 


tymbal muscles (3), nerve cord (4), tymbal nerve (5), sympathetic nerve (6), and 


peripheral plexus of the sympathetic nerve (7) near the muscle (Fig. 2). All 
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these manipulations were performed with great care, taking into consideration the 
anatomy of the above-mentioned structures. 

When dyed with methylene blue the sympathetic unpaired nerve (Fig. 2, 6) is 
clearly seen with a microscope at a magnification of x 8. The anatomical control 
of nerve connexions and the localization of stimulating and recording electrodes 
were done at the end of each experiment. 

Leaving the ganglion, the sympathetic nerve divides into the right and left 
branches. Each of them, in its turn, produces two trunks. One of them is directed 
to the anterior part of the body and the other to the posterior part and terminates 
in wing muscles sending a branch on its way, which produces a plexus of thin 
filaments (Fig. 2, 7). From this plexus the filaments of the sympathetic unpaired 
nerve enter the common trunk of the tymbal nerve. The preparation was placed 
in a screened chamber. Platinum wire electrodes 0-3 mm in diameter were fixed 
on both sides of the thoracic ganglion or at the tymbal nerve. These electrodes 
were provided with special equipment allowing them to be switched for recording 
after the end of stimulation. Depending on the purpose of our experiment, the 
electrodes were orientated by means of a micro-manipulator either at the anterior 
or at the posterior part of the ganglion and also at the tymbal nerve, either in the 
region of the sympathetic nerve plexus or nearer to the central end of the nerve. 

We used an electronic stimulator producing square pulses of controllable 
frequency, intensity, and duration. Pulses of 0-5-5 msec duration and of optimal 
intensity (about 0-3 V) were generally used. 

In order to record potential changes thin steel electrodes were inserted into the 
tymbal muscle. Recording equipment consisted of a photoregistering oscillograph 
MPO-2 and of an amplifier with four canals having a symmetrical input and a 
flat characteristic from 0-2 to 3000 c/s. 

To examine the influence of sympatholytene, we injected into the tymbal 
muscle 0-05 ml of the solution at different concentrations using a syringe with a 
thin needle. About forty-six specimens were used. 


RESULTS 


In the first series of experiments electrical shocks were applied to the somatic 


nerve, and the sympathetic nervous system was not in the sphere of this stimulus. 
For this purpose stimulating electrodes were fixed either in ‘a’ position (Fig. 2), 
in the posterior part of the ganglion in the region of the outlet of tymbal nerves, 
behind the outlet of the sympathetic nerve, or in ‘b’ position at the tymbal nerve 
before the sympathetic nerve plexus. In the tymbal muscle we recorded common, 
single action potentials following the rhythm of stimulation in all cases when 


stimulating electrodes were thus fixed. Action potentials in the muscle and nerve 
impulses showed a 1 : 1 ratio. The amplitude of these potentials was 1-4 mV, 
duration 4-6 msec, latent period 4 msec. Action potentials of the tymbal muscle 
are represented in Fig. 3. 

Thus, when stimulation arrived at the muscle along the motor nerve alone, 
the response of the tymbal muscle did not differ from the response of any other 
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locomotor muscle of insects or vertebrates. After the cessation of stimulation no 
rhythmic after-discharges appeared in the muscle. 

In the next series of experiments electrical shocks were applied to both the 
somatic and the sympathetic nerves. Electrodes were fixed in the anterior part of 
the ganglion in the region of the sympathetic unpaired nerve outlet (Fig. 2, 5-8), 
or at the tymbal nerve in the region of the sympathetic nerve plexus, 5-6 mm from 
the point where the tymbal nerve enters the muscle (Fig. 2, y). With such a 
fixation of electrodes stimulation spread along both the somatic and the sympa- 
thetic nerves. 


Fic. 3. Action potentials of the tymbal muscle at isolated stimulation of the somati 
neuro-apparatus. From upper to lower: action potentials of the muscle, stimulation marks 
time markers 50 msec. (a) Stimulation frequency 20 per sec. (b) Stimulation frequency 
46 per sec 


In these experiments the common action potential, synchronous with the 
rhythm of stimulation, was followed by repetitive potentials from one to three 
after each stimulus. All these potentials had the same amplitude and duration 
The latent period of the first additional potential was 8-10 msec. Thus, at the 
stimulation frequency of forty-five per second, we could record in the muscle up 
to 180 spikes per second (Fig. 4, a). Such repetitive response of the tymbal muscle 


Fic. 4. Action potentials of the tymbal muscle at the simultaneous stimulation of the 


somatic and sympathetic neuro-apparatus. (a) A repetitive potential between stimuli 


(b) A group of repetitive potentials produced independently of stimulation 


was regularly observed in all experiments, when stimulating electrodes were fixed 
as stated above, and when the preparation was in a good state. The additional 
spikes appeared as a rule after the third or fourth stimulus; that is, a certain 
facilitation or accumulation of excitation was observed 

In many experiments we recorded groups of repetitive spikes interrupted by 


periods of rest (Fig. 4, b). Each of these groups had from three to fifteen spikes 


with the same amplitude (1-5-4 mV) and duration (4 msec); the intervals between 
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spikes were 4-8 msec; periods of rest between the groups of spikes lasted 0-05—0-5 

[hese groups of rhythmic spikes had their own rhythm, independent of the 
irrival of stimulating impulse s, and lasted 10—15 sec after the cessation of stimu- 
latior hat is why we consider all these group-spikes in the tymbal muscles to 
be after-spikes which in some cases arise during stimulation. In some experiments 
we did not observe repetitive spikes during stimulation, but, as a rule, there 
appeared after-spikes. ‘These followed in groups of three to fifteen spikes with 
the same amplitude (1-5 mV) and duration (4 msec) regularly every 8 msec 
lhe periods of rest between the groups of after-spikes, 0-05 sec, immediately 
after the cessation of stimulation, grew longer by the end of the after-reaction. 
Groups of after-spikes of the tymbal muscle are represented in Fig. 5, a. Recording 


Fic. 5. Electrical after-activity in the sound-producing neuro-muscular apparatus after 


imultaneous stimulation of the somatic and the sympathetic nervous apparatus. (a) After- 


potential of the tymbal muscle. (b) After-potential of the tymbal muscle (the first upper trace) 


ind of the surface of the ganglion (the second upper trace). (c) After-potentials of the tymbal 


(the first upper trace) and of the tymbal nerve (the second upper trace 


after-spikes in the tymbal muscle we recorded simultaneously the ganglion or the 
tymbal nerve after-reactions; for this purpose, after the cessation of stimulation, 
the stimulating electrodes were switched for recording. In both cases we recorded 


after-spikes of the ganglion running synchronously with those of the muscle 


\fter-spikes of the ganglion also ran in groups corresponding to muscle-spikes in 
all parameters, but their amplitude was smaller, 0-1—0-3 mV (Fig. 5, b, c). It is 


natural that a ganglion, being a complicated cellular formation, generated a 
number of other discharges besides those synchronous with muscle after-spikes; 
that is, there existed a certain electrical activity of the ganglion. When we recorded 
action-potentials from the surface of the ganglion, discharges not connected with 


the after-reaction of the neuro-muscular apparatus producing sounds were also 


reflected in the oscillogram (Fig. 5, b). We managed to avoid them while recording 
ion after-discharges from the tvmbal nerve (Fig. 5, c). 
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Thus, the above-stated facts show that normally, with intact innervation, 
specialized tymbal muscles of cicadas develop rhythmic activity of a higher 
frequency than the rhythm of arriving stimuli. We may regard this electrical 
activity of the tymbal muscle as after-activity, either following each single stimulus 
or arising after the muscle received a certain rhythmic excitation. This rhythmi 
electrical activity of the tymbal muscle is of a strongly pronounced neurogenic 
origin because after-potentials in the tymbal muscle, motor-tymbal nerve, and 
thoracic ganglion are recorded synchronously 

Rhythmic electrical after-activity of the tymbal muscle during stimulation as 
well as after it may be recorded only if impulses arrive at the muscle along two 
nerves: the motor tymbal nerve and the sympathetic unpaired nerve. But if a 
sympathetic innervation is excluded from the region of stimulation the response 
of the tymbal muscle loses its peculiarity and becomes a common response of a 
skeletal muscle which responds to a single stimulus arriving along the motor nerve 
by a single action potential. In this case the sound-producing system cannot 
function normally, and instead of ‘the singing’ of the cicada we have only clicks 
of the tymbals, produced in the rhythm of stimulation 

Proceeding from our previous data on wing muscles of Locusta migratoria we 
considered that in this case the sympathetic unpaired nerve produced the same 
adaptation-trophic influence, that is, it determines the peculiarity of the function 
and the optimal level of reactions of the neuro-muscular system 

Besides that, the adaptation trophic influence of the sympathetic nerve in this 
specialized organ, as well as in the wing neuro-muscular apparatus, is well pro- 
nvunced and indispensable for normal functions 

In the next series of our experiments we studied the chemical nature of the 
sympathetic unpaired nerve influenced in the sound-producing system of the 


cicada by analogy with what we had established for the flight system of Locusta 


We tried to block the influence of the sympathetic nerve by injecting sympatho- 
lytene into the tymbal muscle. Like dibenaminum, sympatholytene blocks adrenergic 
receptors but is 8-10 times more efficient than the former. In our experiments 
we established that the reversible block of sympathetic influences in the tymbal 
muscle might be provoked by small quantities of sympatholytene (10-"—5 x 10~-") 
The concentrations of sympatholytene (1 x 10-*-1 x 10~-*) other muscles of 
insects and crustacea proved to be toxic for tymbal muscles, because they complete- 
ly excluded after- and repetitive potentials as well as common single spikes (Fig 
6, a, b). 0-05 ml of the solution 10-*-10-" of sympatholytene injected into 
the tymbal muscle produced a specific influence because after- and repetitive 
potentials were excluded, while common single potentials remained complet 
(Fig. 6, c). We succeeded in obtaining reversible exclusions of after- and repetitiv: 
potentials in the same experiment only with sympatholytene of 10 10 
concentration (Fig. 7) 

‘Two phases of drug action were distinctly seen when we used the concentration 
10-™ or less. During the first phase which lasted 1-3 min, after-potentials of 


the tymbal muscle increased their amplitude and their duration (Fig. 7, a, b) 
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During the second phase after-potentials gradually disappeared. The amplitude 
of those which remained did not decrease; in some cases it was even higher than 
normal (Fig. 7, c). The process of elimination of after-potentials lasted for about 


7 min. 


Fic. 6. The influence of sympatholytene on electrical activity of the tymbal muscle. 
(a) Repetitive potentials in the tymbal muscle at the simultaneous stimulation of the somatic 
and sympathetic nerves. Normal. (b) Complete elimination of the electrical activity of the 
tymbal muscle after the injection of sympatholytene 1x10-°. (c) The elimination of 


repetitive potentials in the tymbal muscle after the injection of sympatholytene 1 x 10~"*. 


Fic. 7. The influence of sympatholytene 5 x 10-'* on the electrical activity of the tymbal 
muscle. (a) Repetitive potentials in the tymbal muscle at the simultaneous stimulation of 
somatic and sympathetic nerves. (b) The increase of the tymbal muscle repetitive potentials 
at the first phase of sympatholytene influence. (c) The elimination of repetitive potentials of 
the tymbal muscle. (d) The re-appearance of repetitive potentials in the tymbal muscle 16 min 


after the injection of sympatholytene. 


The muscle was washed with Ringer solution and in 15-20 min after the 
injection of small concentrations of sympatholytene after-potentials reappeared 


(Fig. 7, d). 
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The character of elimination of the tymbal muscle rhythmic after-activity may 
be explained by supposing that gradually penetrating into the muscle sympatholy- 
tene does not simultaneously block adrenergic receptors in all muscle fibres. 

All these experiments allow us to consider the chemical nature of the sympa- 
thetic nerve influence in tymbal muscles of cicadas to be similar to that of the 
unpaired nerve influence in wing muscles of Locusta migratoria (VOSKRESENSKAYA, 


1950) and of sympathetic nerves of vertebrates. 


DISCUSSION 

The electrical activity of cicada tymbal muscles was investigated by PRINGLE 
(1954a, b) and HaGrwara and WaTANaBE (1956). ‘The main facts established by 
Pringle from which he drew his further conclusions were: (1) the frequency of 
tymbal movements provided by tymbal muscle contractions considerably exceeds 
the rhythm of tymbal nerve stimulation, and (2) the function of an isolated tymbal 
muscle is the same as the function of a common skeletal muscle and does not give 
multiplied rhythmic reactions. Hence Pringle concludes that the rhythmic 
mechanism of tymbal movements is connected with physical properties of the 
system producing the phenomenon of deactivation of muscle fibres and is not 
connected directly with nerve impulses 

In his experiments Pringle generally used an isolated preparation with a 
dissected nerve or a direct stimulation of the muscle. Under such conditions one 
could not possibly expect to reproduce a normal function; according to our data 
it is possible only with the interaction of intact nerve connexions. 


The results of our experiments on cicada tymbal muscles and their innervation, 


compared with previously obtained data about wing muscles of Locusta, con- 
vincingly show that the function of these specialized systems is closely connected 
with starting as well as regulating influences of the central neural system, which 
are transmitted along different nerves. ‘The peculiarity of these neuro-muscular 
systems consists in their producing rapid rhythmic reactions of neurogenic origin 
Impulses arriving along sympathetic nerves and producing a well-pronounced 
adaptation trophic influence play an essential part in the realization of these 
rhythmic reactions. It is certainly possible that the mechanical properties of 
the wing system or the sound-producing system of the cicada increase the 
frequency of wing or tymbal movements still more. However, a specialized 
high-frequency mechanism, characteristic of these neuro-muscular apparatus, is a 
physiological one and originates in all the system, especially in the central, neural 
part of it In this connexion the works of HaGrwara and WATANABE (1956), 
about which we learned when our experiments were finished, are of great interest. 
[hese authors examined cicada tymbal muscles with intact innervation, and 
studied reflex reactions of these muscles, while stimulating afferent nerves in 
the caudal part of the body. At a certain intensity and frequency of stimulation 
Hagiwara and Watanabe recorded repetitive potentials up to ten or more for each 
stimulus in the tymbal muscle as well as in the motor nerve and in the motor 


neuron. ‘Thus, the data of these two authors fully coincide with ours, except 
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for an essential part of their work about intracellular recording of motor nerve 
cell potentials. These potentials were also repetitive and synchronous with the 


rhythm repetitive muscle potentials. Analysing electrical activity of different 
neurons composing the sound reflex, Hagiwara and Watanabe established that 
there existed, together with common neurons producing one spike at one afferent 
stimulus, specialized neurons producing repetitive spikes. ‘These latter, in 
Hagiwara’s and Watanabe’s opinion, determined the rhythm of activity for the 
whole system. 

An interesting fact obtained by Hagiwara and Watanabe was that a pair of 
tymbal muscles received alternative impulses from the ganglion, and the spikes 
of the right muscle were recorded in the intervals between the spikes of the left 
muscle. Thus, the alternative activity of two tymbals may give a double sound 
vibration frequency. 

These investigators did not mention the significance of the sympathetic neural 
system in the normal function of tymbal muscles; evidently, they paid no attention 
to its influence. However, the conditions of their experiments—intact innervation 
and reflex stimulation—allowed them to discover the normal function of the 
tymbal organ and then to come to the right conclusion about its central reflex 
origin. 

The evidence of the neurogenic origin of rhythmic after-reactions of the 
tymbal muscle and also of the participation of an adaptation-trophic influence 
of the sympathetic nervous system in the function of this muscle is an essential 
addition obtained by us, which helps to explain the physiological mechanism of 
this specialized neuro-muscular system and probably of other rhythmic systems. 
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Abstract o methods of estimating insect blood volume are discussed. A method 
based or ! te counts before and after injection of a measured volume of saline 
is shown to be invalid, whereas a method based on the dilution of amaranth dye by the 
haemolymph gave repeatable and consistent results 


Che blood volume of Schistocerca gregaria Forsk. rises during the latter half of an 


uns its highest level just prior to ecdysis This high blood volume is 

| for about 24 hr after ecdysis, then falls sharply to a mid-instar or adult 
hich is constant under the conditions described herein. The increase in 
shown to be due partly to changes in the distribution of water within 

merely to an intake of water from the exterior. During periods of 


enc’ 1e blood of the desert locust can act as a reserve of water for 


INTRODUCTION 


THIS paper gives determinations of the distribution of water in Schistocerca 


gregaria Forsk. at various developmental stages, with particular reference to the 
volume of haemolymph, and investigations of the effect of dietary changes on 
water distribution 

Rapp (1947), in a review on insect blood, quotes the estimations and deter- 
minations of insect blood volume published up to that date. Reference to method 
is made in two of these, RICHARDSON ef al. (1931) and YEAGER and ‘T'AuBer (1932); 
the latter authors were the first to try an indirect method of blood volume deter- 
mination on insects, adapting the cell dilution technique which VALENTIN (1838) 
used to determine mammalian blood volume 

YEAGER and Munson (1950) determined the blood volume of Periplaneta 
americana by three dilution methods 

(1) ‘The dilution of the blood by insect saline solution, as determined by cell 
counts 

(2) ‘The dilution by the blood of a standard sodium chloride solution 

(3) ‘The dilution by the blood of a standard dye solution 
he first and last of these methods are compared in the present work on Schistocerca 


Pregaria 
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Buck and Keister (1958), working on Agapema pupae, obtained values for 
blood volume by removing the head capsule and centrifuging at low speed, forcing 
the haemolymph into a graduated sedimentation tube. Increasing the centrifugal 
force ruptured the gut and added its contents to the tube, giving results for the 
fluid therein. Desiccation of whole pupae and exoskeletons gave a final pattern 
of water distribution as follows: Total water, 720 ul/g; haemolymph, 330 pl/g; 
gut, 100 yl/g; tissues, 180 yul/g; cuticle, 110 ul/g 


METHODS AND RESULTS 


Rearing of Schistocerca gregaria 


Cultures of locusts were kept in cages, approximately 2 « 3 x 3 ft, supplied with 


light and heat by means of electric bulbs; the food consisted solely of grass, and 
water was supplied once a day in the form of soaked cotton wool pads. ‘The 
temperature varied between 32-36°C and the relative humidity between 60-80 
per cent, inside the cages 

For later experiments batches of locusts were fed on an artificial diet (HOWDEN 
and HuNTER-JONgs, 1958) and kept in 12-litre cages of plastic and metal maintained 
at a constant temperature (32-5°C), and a constant humidity (70 per cent); these 
locusts were also supplied with soaked cotton wool pads 

\ third batch of locusts was kept under the same conditions, but fed on grass 
which varied with the external weather conditions; no other source of water was 
given 

Locusts of known age were marked with coloured paint for future recognition 
Experimental animals were not isolated, so that all locusts used were in the 


gregarious phase 


Estimation of Blood Volume 
1. Cell dilution method 


lhe principle of this method is that an injection of isotonic saline solution 
into the haemolymph dilutes the concentration of blood cells present, and by 
counting the number of blood cells before and after injection, the blood volume 


V may be calculated from 


where C, and ( 


are the initial and final blood cell counts respectively, d is the 


volume of saline injected, and a the volume of blood taken for the initial count 


Procedure A known amount of blood was taken from a young locust by 
puncturing the thorax and drawing the blood into a micro-pipette; a blood cell 
count was then made in a Thomas haemocytometer slide. No dilution of the blood 
was necessary, and coagulation caused little trouble, making treatment with acetx 
acid vapour unnecessary. Following this cell count, a known amount of saline 
solution (DEL CasTILLo et al., 1953) was injected into the haemolymph. Fifteen 
minutes was the time allowed for the saline to circulate and mix with the blood 
(cf. YEAGER and Munson, 1950) 
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A second sample was then collected, and a second count made; the blood 
volume was then calculated from the formula given above. 

All locusts were weighed alive before injection so that the blood volume/unit 
weight could be calculated 

Results. Values for blood volume obtained from immature adult locusts are 
given in Table 1. The results for blood volume/unit weight show no consistency, 
and in twelve out of nineteen experiments the final haemocyte count was greater 


than the initial one, making calculation impossible 
"TABLE 1 BLOOD CELL COUNTS AND BLOOD VOLUME (ADULT, THIRD DAY) 


Blood cell count Vol. of first Blood vol Blood vol 
blood sample (yl) unit wt 
Initial Final (yl) (yl/g) 


562 7542 6828 l 
285 6380 5872 l 
591 9122 7806 2 4 
942 8563 6920 7 
099 )097 9248 
397 7592 7106 
203 7004 6704 


final counts greater than initial counts 


9456 
11,680 
10,422 

6562 
10,971 

9571 
11,862 

9533 

9106 

8920 


re 


No « ount pe ywssible 
1, 


ue to ¢ oagulation 


\ closer inspection of the types of blood cell present in each count revealed 
a marked increase in the percentage of fusiform types after injection of saline. It 
was concluded from this evidence that the act of injection disturbed an equilibrium, 
resulting in the mobilization of large numbers of blood cells, especially the fusiform 
type, which were not normally in circulation at that stage of the life history 

Ihe initial blood cell counts are, therefore, considered to be too low; the counts 
made after a disturbance of the blood cell equilibrium were very variable, and 
this method was abandoned since no means of allowing for blood cell mobilization 


was availablk 
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2. Dye dilution method 


Che principle here is similar to that above, but in this case a dye solution of 
known concentration is injected into the haemolymph. After complete circulation 
of the dye, a sample is drawn off and the colour intensity compared with that of 


a standard solution. From the equation: 
(dg, 2s) a, 


where g, is the weight of dye injected, g, is the weight of dye in the sample, d is the 
volume of the sample, and a is the volume of saline injected with the dye, the blood 
volume V is obtained 

Procedure. ‘The red dye amaranth was used since YEAGER and Munson (1950) 
claimed that, of a number of dyes injected into insects, amaranth stained the 
tissues least. ‘The suitability of this dye for the present purpose was confirmed by 
injecting large amounts of amaranth into locusts and examining the tissues at 
various intervals after injection. It was found that after an average of 15 min the 
dye appeared in the Malpighian tubules, but was not apparently taken up elsewher: 
in the body. Amaranth is completely soluble in locust saline at the concentration 
used, leaving no particles to be taken up by, or adhere to, cells 

Locusts of known age were weighed and injected with 20 ul of 0-2 amaranth 
solution: 5 min were allowed for circulation and mixing of the dve and blood, 
which time was often sufficient for the dye to become visible through all the inter 
segmental membranes of the body and legs. In some cases dye did not readily 
pass down the hind legs, and to aid this pressure was applied at the femoro-tibial 
joint, giving an artificial pumping action and mixing dye and blood in the hind 
legs. No longer than 5 min was allowed for circulation as it was thought that som« 
dye would be lost by excretion after this time (see below) 

After circulation, 10 ul of dyed blood were drawn off and diluted to 1 ml with 
saline solution; the dye concentration was then measured by means of a Spekker 
absorptiometer, using 0-5 ml cells 

\ blank solution was made up from 10 ul of blood, taken before injection and 
diluted to 1 ml as before; this kept errors due to blood inclusions at a minimum 

he injection of amaranth was made with an ‘Alga’ micrometer syringe by 
puncturing one of the thoracic sterna and inserting the needle to one side of the 
gut. If any dye was lost during or after injection that locust was discarded 

At certain times locusts lost appreciable quantities of blood at the initial 
puncture, making immediate injection without loss of blood impossible; freely 
emitted blood was, therefore, collected and measured in a micro-pipette before 
injection, and the volume added at the end of the experiment 


Results. ‘The results obtained by this method were much more repeatable than 


those given by the cell dilution technique lable 2 shows the values obtained 
3 davs after the final ecdysis) ; 


for blood volume/unit weight from ten locusts (age 
the standard error being approximately 4 per cent of the total blood volume/unit 


weight, was considered to be remarkably small and well within the range of error 
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due to variation between individual locusts. ‘This method was, therefore, adopted 


for all subsequent blood volume estimations 


Age Ways)and instor 
1. Variation of blood volume/unit weight with age in S. gregaria, reared in cages 


(Standard method) 


ABLE 2—REPEATABILITY OF BLOOD VOLUME/UNIT WEIGHT VALUES FOR THE DY! 
DILUTION METHOD, AND THE VARIATION IN WEIGHT AND BLOOD VOLUME IN LOCUSTS 
OF THE SAME AGI 


wt Blood vol Blood vol 
unit wt 
(yl LZ) 


142-2 
145-6 
150-0 
144-2 
147°8 
151-4 
134-7 
137°6 
143-0 
146°8 


’ 
— 


Adult third day 


' 
Ses OuMsI ww Vi 


9 


10 


Average 1-228 +0-118 177-7 +21-9 144-3 +5-2 


The average live weights and blood volumes are given in Table 3, together with 


the variation in blood volume/unit weight from day to day during development 


(see also Fig. 1). ‘The variation was considered to be significant where the difference 
between the means plotted was greater than the sum of the standard errors for those 
means 

From the middle of the third instar, the blood volume/unit weight rose steadily 
to reach a peak at the time of ecdysis. The fall in blood volume/unit weight after 
ecdysis was not considered significant over the first 24 hr because of the large 
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standard error involved: an analysis confirmed that the fall was not significant at 
the 5 per cent level of probability. A more detailed investigation of the fluctuations 


in blood volume during the first day after ecdysis was then undertaken: locusts of 


TaspLe 3—VARIATION IN BLOOD VOLUME/UNIT WEIGHT WITH AGI 
ON GRASS 


Instar 


HUH 
716 
819 
HY 


S05 


Adult 


this age were sub-divided into groups varying in age by only a few hours, the 
same being done for first-day fifth instars and adults (see Table 4) 

There was, however, a very significant fall in blood volume/unit weight by 
2 days after ecdysis, after which the values rose again to reach a new peak at the 


next ecdysis. 


The same general pattern was followed throughout, the blood volume/unit 


weight falling during the period following ecdysis, and rising thereafter. Finally 


in the adult, the blood volume/unit weight fell slowly as the locusts aged, although 
the total quantity of blood was not usually much reduced 
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Returning to Table 4, it can be seen that very rapid changes occurred during 
the 24 hr following ecdysis; over the first 12 hr there was a sharp fall in blood 
volume/unit weight, and this was followed by an equally sharp rise from 12-24 hr 
after ecdysis. During this period the live weight varied inversely as the blood 


TABLE 4—VARIATION IN BLOOD VOLUME/UNIT WEIGHT DURING THE 
FIRST 24 hr OF AN INSTAR 


Avge No. of Blood vol. 


insects Unit wt 
Instar | Day | Hour . 


Fourth 


Fifth 


209-5 
197-2 
162-4 
179-5 
206-8 


Adult 


2 
2 
2 
2 
2 


volume/unit weight, i.e. the loss of blood volume/unit weight immediately after 
ecdysis was only temporary, and not due to loss of blood but to a gain in weight 
caused by the first post-ecdysial feed, which occurred about 6 hr after ecdysis. 
(See also p 48.) 


Effects of Variation in Diet upon Blood Volume/Unit Weight 


HOwbEN and KILBy (1960) claimed that the use of an artificial diet (HOWDEN 
and Hunter-Jongs, 1958) gave more consistent results than a grass diet in the 
investigation of blood sugar concentration in locusts. The effect upon the blood 
volume/unit weight of feeding this diet plus water is shown in Table 6 and Fig. 2; 
the blood volume/unit weight varied with age as in grass fed locusts from the culture 
cages. 

Consequent upon this information, it was decided to investigate the effect on 
blood volume of feeding grass which varied in water content with the external 
conditions. These locusts were kept under constant temperature and humidity 
conditioned, and given no other source of water. 

‘The grass fed to the locusts between the second and the fifth day of the fifth 
instar was dry or very dry, and this was reflected in the values for the blood volume 
unit weight during this period (‘Table 5 and Fig. 2). Here the decrease in blood 
volume/unit weight after ecdysis continued until the sixth day of the fifth instar, 
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whereas when water was supplied this decrease was counteracted after the second 


or third day. 

The effect of feeding grass which was rain-soaked for the last 3 days of the 
fifth instar was considerable; the blood volume/unit weight rose rapidly, finally 
coinciding with that of locusts supplied with water throughout. 


£4 \ 


wt, 


/urut 


Biood vol 


Age (days)and instor 


Fic. 2. Effect of dryness of diet on the variation of blood volume/unit weight 
in S. gregaria; the grass diet was very dry until the fifth day of the fifth instar. Water 
supplied with the artificial diet, but not with the grass , Grass diet , Artificial constant 
diet. 


TABLE 5—VARIATION IN PERCENTAGE BLOOD, PERCENTAGE DRY WEIGHT, AND 
PERCENTAGE CELL AND GUT FLUIDS WITH AGE, IN LOCUSTS FED ON GRASS OF 
VARYING MOISTURE CONTENT 


Age No ot Blood vol Blood Drv wt Cellular and Condition 
insects (yl/g) by wt.) by wt.) gut fluid of 


Instar | Day by wt grass feed 
Dry 
Wet 


Dry 
Wet 


Fourth 


-~-> > +> 


Very wet 
Dry 
Dry 


Sie salience ollie sale ale oot ed 


Aww 
Aah 


Very dry 
Dry 
Very wet 
Wet 


Very wet 


Fifth 


Am UN 


ut wn 


i 


“J 
AMUMuUuUWuU 


Si + 
we Oe 
awn & 


oo 


Adult 


Ne wn 
>not > > 


sf 
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Determination of Rate of Dye Excretion 


\dult locusts were used for these experiments as they do not lose blood freely 
on injection, nor, conversely, is it too difficult to obtain 10 ul samples for blood 
volume estimations. In order to determine the rate of loss of dye from the blood 
by excretion, blood volume estimations were made at varying intervals after the 
injection of amaranth solution. ‘The fact that dye is lost by excretion gives rise to 
an apparent increase in blood volume, as estimated by this method. 


6 VARIATION IN PERCENTAGE BLOOD, PERCENTAGE DRY WEIGHT, AND 
NTAGE CELL AND GUT FLUIDS WITH AGE, IN LOCUSTS FED ON AN ARTIFICIAI 
CONSTANT DIET 


Blood Dry wt Cellular and 
by wt.) by wt.) gut fluid 
Instar \ by wt 


+()-49 
+ (1) 26 
+ ()-O6H 


19-09 4 
14-74 4 
16 


l 5 


/ 


Ne Nh 


c 
Ss 
c 
cS 
Ss 
“4 
c 
M4 


Aawwvi 
~ wh 


Since observations showed that no dye was taken up by the tissues other than 
the Malpighian tubules, the rate of apparent increase in blood volume is directly 
proportional to the rate at which dye is excreted from the blood. Fig. 3 shows the 
results obtained by taking the average blood volumes of three second-day adult 
locusts at various times after the injection of amaranth dye; there is a rapid increase 
in the blood volume, as estimated, between 10 and 60 min after injection; following 
this the rate of apparent increase falls to give a linear relationship with time for 
the next 3 hr. ‘Twenty-four hours after injection there is no dye left in the 
blood. 

It is concluded that the rate of excretion of amaranth dye, and probably other 
foreign substances as well, is very rapid above a certain critical concentration. 
The rate of excretion later falls, but within 24 hr the system is rid of all the injected 
dye 
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No false increase in blood volume was encountered during the first 10 min 
after injection, and this was taken as confirmation that the 5 min allowed for 
circulation and mixing of the dye and haemolymph did not introduce any error, 
due to dye excretion, into the blood volume estimations 


a 


Fic. 3. The rate of apparent increase in blood volume/unit weight as dye is excreted fror 
the bloox 


Determination of Dry Weight and Body Water other than Haemolymph 


It was considered that the results for blood volume/unit weight would be more 
informative with a knowledge of the dry weight and cellular water values for 
comparison. Desiccations were carried out concomitant with those on diet 
variation, and the results are given in ‘lables 5 and 6 (with which compare Fig. 2) 
Results are expressed as percentages of the total weight, thus permitting compari- 
sons of relative values from individuals of different weight but the same a 


; 
A 


1. Dry weight 

Table 3 shows an increase in live weight throughout development in the 
locust, except at ecdysis when the old cuticle is shed; even this loss is slight and 
in part due to the evaporation of water. Dry weight values also increase steadily 
throughout life, and therefore any changes in the value of the dry weight expressed 
as a percentage of the total weight will, in all cases, be merely the reflection of 
gains or losses in the water content of the body. ‘The loss of weight which can 
be accounted for by the shed cuticle is negligible, and the percentage changes 
shown in ‘Tables 5, 6, and 7 can all be accounted for by changes in water content at 
that time. 


2. Body water 
The haemolymph has already been dealt with, and this section is concerned 
with the water in the gut and in the cells 


The percentage of the live weight accounted for by gut and cellular water was 


calculated by subtraction of the dry weight and haemolymph percentages from 
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100 per cent. The results obtained from locusts fed on the artificial diet of HOWDEN 


and Hunter-Jones showed that the percentages of gut and cellular water remained 


Age (doys)and instor 


ion in percentage dry weight with age in S. gregaria, reared on two diets 


int temperature and humidi Grass diet Artificial constant diet 
steady over long periods, but decreased immediately prior to ecdysis. ‘This decrease 
was slight but statistically significant in most cases, and corresponded to a rise in 
the percentage of total water accounted for by the haemolymph—see Table 6 and 
Fig. 5 


TABLE 7—THE VARIATION IN BLOOD VOLUME/UNIT WEIGHT, DRY WEIGHT 
PERCENTAGE, AND CELULLAR FLUID PERCENTAGI WITH AGE, EXPRESSED AS 
FACTORS OF A ‘CORRECTED’ BODY WEIGHT, AFTER REMOVAL OF THE GUT 


Age \ y Cellular fluid 
; ‘ (% by wt.) 


6th day 26°04 + ' : 0-35 
7th day : 26-43 O-88 


< 
nm > Ww 


1—24 hr 
30—36 hr 
2nd day 
jrd day 
4th day 
Sth day 
6th day 
7th day 
Sth day 


~~ > 
Fe es ee | 
ww ss! Uv 
- 


1 
0-67 
0-23 
1-84 
0-60 


~ hy 
Nm © 
wos 


mM WY MW 
AMM 
> 


1—24 hr $3 t 25 t 2 1-32 
30-36 he ; 29-3 0-34 
2nd day . 7 ' ' 7 2°U? 0-49 
4th day 7+ BR 4 0-93 
Adult 6th dav 3+ : Z 0-76 
Sth day 2 : { 33-89 +0°5 5 1-10 
9th day 1-1 
14th day 5 ' 3+ +1 
15th day ; 5 5+1 
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Results from locusts fed on grass of varying moisture content showed the 
same changes at ecdysis (‘Table 5 and Fig. 5), and in addition the values for gut 
and cellular water percentage were high when the blood percentage was low. ‘The 
significance of this will be discussed later 


% body fluid 
(cellular ond gut) 


Fic. 5. Variation in percentage llular and gut fluid with age in S. gregaria, reared 


on two diets at constant temperature and humidity , Grass diet; Artificial constant 


liet 


In order to obtain a more accurate picture of changes in distribution of water 
in locust body fluids during development, the contents of the gut were removed 
after the blood volume had been determined and before desiccation 


NAS \ / * 
\A \Z eee 


>_———— 


Fic. 6. Var oO n blood in init ght, percentage dry v ri id percentage 


cellular water wi 4 I r i ired on an artificia 


temperature and humuidit Ihu @, Dry weight 


ce 


All percentage values were increased through being expressed as a percentage 
of live weight minus weight of gut contents, but the general picture was not altered 
in any way (Table 7 and Fig. 6). ‘The percentage figures for dry weight show the 
greatest increase because the contents of the gut were of a mainly fluid nature 
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Che sudden increase in fluid content between the fourteenth and fifteenth day 
in adult locusts (Fig. 5) was based on results from two locusts only and no great 
significance was attached to it. The removal of the gut contents, and the change 
in calculation necessitated thereby, confirmed an earlier observation (p. 42) 
that the rapid fall and rise of the blood volume/unit weight after ecdysis was in 


fact due to the temporary increase in weight following the first post-ecdysial meal 


DISCUSSION 
The Variation of Fluid and Dry Weight Percentages with Age 


In the following discussion the terms ‘dry weight’ and ‘cellular water’ do not 
include the gut contents, and refer to insects from which the gut contents were 
removed. As stated above, dry weight increases steadily with age, and any changes 
in dry weight expressed as a percentage of the total weight only reflect changes in 
the water content of the insect 

lhe results of the experiments described show that the most marked variations 
in blood volume/unit weight, and cellular water percentage, occur when profound 
changes are going on within the insect, mainly at the time of ecdysis 

(a) Before ecdysis. The rise in blood volume/unit weight, and, to a lesser 
extent, in the percentage cellular water, during the penultimate stages of an instar 
suggest a greater retention of water taken in with the food or by drinking. The 
increase in blood volume/unit weight immediately preceding ecdysis occurs solely 
at the expense of the cellular water percentage, since the dry weight percentage 
remains constant; Fig. 6 shows that the cellular water falls by about 6 per cent 
of the total weight, i.e. for a locust weighing 1 g, 60 ul of water are lost from the 
cells; at this same time, the blood volume rises by some 50 ul. ‘This increase may 


be associated with the breakdown of certain tissues at the time of moulting and 


prior to ecdysis, the once cellular water passing into the blood. A possible explana- 


tion involving osmotic disturbances due to the release of metabolites into the 
haemolymph will be discussed later 

(b) At ecdysis he increased blood volume/unit we ight at the time of ecdysis 
is associated with an increased blood pressure, as shown by the exceptional emission 
of blood from a puncture at this time; this increased blood pressure no doubt 
contributes to the expansion of the cuticle, and of the insect as a whole, after 
ecdysis. The fact that this high blood volume is maintained for 24 hr after ecdysis 
enables the cuticle to harden at maximum body volume, allowing for later growth 

(c) After ecdysis he loss of the cuticle remnant after ecdysis accounts 
for the fall in dry weight percentage at this time le percentage total water of 
the body rises proportionately, but ‘Tables 5-7 show that, during this immediate 
post-ecdysial period, the blood volume/unit weight also decreases, i.e. the cellular 
water increases at the expense of the haemolymph. ‘This must be due to the 
utilization of water from the blood by growing tissues 

from 24 to 36 hr after ecdysis the dry weight percentage rises considerably, 


cell water percentage stays constant, and blood volume/unit weight falls; this 





THE VARIATION OF BLOOD VOLUME WITH AGE IN THE DESERT LOCUST 40 


suggests that water is excreted from the blood at this time, since an actual increase 
in dry weight would affect the percentages of both blood and cellular water in 
equal proportions. 

Values for the percentages of blood, cellular water, and dry weight remain in 
equilibrium until the onset of the next ecdysis. In ageing adult locusts the per- 
centage dry weight increases steadily, but again only at the expense of the blood 
volume/unit weight. Estimations show that the absolute blood volume does not 
alter greatly with age; thus as the locust gains weight, the percentage of blood falls. 

It is interesting to note that the percentage cellular water is maintained at a 
steady level, indicating true growth, for some time after the final moult. 


Effects of Diet 

The results of the experiments in which locusts were fed on a grass diet of 
varying moisture content, and deprived of any other source of water, show that 
the loss of blood volume/unit weight when the grass was very dry was not 
accompanied by a loss of cellular water percentage. ‘This fact appears to be an 
excellent example to support the view of MELLANBY (1939), who considers that 
insect blood acts as a reserve of water for the tissues. In this case part of that 
reserve could have been used to maintain the water content of the cells when the 
locusts were subjected to a diet deficient in water; there would seem to be no other 
likely explanation of these results. 


Correlation with Other Work on Locust Blood 
1. Cell counts 
MAaTuHur and Sont (1937) give figures for the number of blood cells/mm® in 
the blood of different instars of Schistocerca gregaria. ‘The only figure obtained 
in the present work was that for early adults, 8000 + 1300 cells/mm*; Matuur and 
Son! give 6300 cells/mm in early adults. Since higher counts were obtained after 
dilution of the blood with saline, the initial cell counts were often too low in value; 
it is considered that complete mobilization of all the blood cells is essential before 
true cell counts can be made, at least in the case of S. gregaria. 
Wesiey (1951) gives blood cell values for instars and adults of Locusta 
migratoria. The variation of the number of blood cells with age in Locusta 


compares in a most interesting way with the variation in blood volume/unit weight 


in Schistocerca. 

WEBLEY quotes figures for the blood cell count of newly emerged, middle, and 
late instar larvae, and for early adults. ‘The late instar larvae have more cells/mm* 
than those in early or middle instar; this correlates with the observation made here 
that the blood is full of cells and ‘cloudy’ just prior to ecdysis, and it seems most 
likely that a full mobilization of blood cells at this time would cause the increased 
blood cell counts. 

The high concentration of blood cells in older adult locusts is attributed by 
WEBLEY to a decrease in blood volume rather than an increase in cells. ‘The results 
given here show that the blood volume certainly decreases rapidly for 3-4 days 
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after ecdysis, but thereafter remains constant for some 92 days, under the 
conditions reported here. The locusts used by WEBLEY were fed on grass alone 
and not given extra water, so that the blood volume may have decreased. 
Immediately following ecdysis, WEBLEY obtained very low blood cell counts; 
results from this work indicate that the high blood volume occurring at that time 
coupled with the return of blood cells to a sedentary role is probably responsible. 


WEBLEY’s figures also show that a major increase in the blood cell count occurs 


over the 3 days following ecdysis; this is a time when the blood volume incurs a 
large decrease, which would inevitably cause the concentration of blood cells to 


rise. 


2. Blood sugar levels 


HoOwpeEN and KiLsy (1960) have shown that a considerable variation of reducing 
power with age is typical of the haemolymph of Schistocerca gregaria, and that diet 
has an effect on the values—a constant artificial diet giving more reliable figures 
than a natural diet of grass. 

The total reducing power of locust blood is at its maximum at the time of 
ecdysis, i.e. it rises sharply during the 24 hr preceding ecdysis, and falls again 
during the 24 hr after ecdysis to its mid-instar value. As has now been shown, 
this corresponds to the time of maximum rise and fall of the blood volume/unit 
weight, and converse changes in the cellular water. 

In addition, HowpeEN and KILBY give values for the concentration of the 
disaccharide, trehalose, in locust haemolymph, which falls very steeply after 
ecdysis, and then rises throughout the fifth instar to a peak at the last ecdysis. 
Concentrations only were measured, not absolute values; thus a knowledge of 
blood volume changes is necessary to allow calculations of total quantities. 

The combination of the results of HowpeN and Kitsy (1960) with the blood 
volume data given in this paper leads to the following conclusions: 

(1) ‘The variation in concentration of blood sugars during development is not 
due to converse changes in the blood volume, but is a true variation, the absolute 
increase or decrease of blood sugar being greater than the corresponding variation 
in concentration. 

(2) The increase of reducing sugars in the haemolymph just prior to ecdysis 
is due to their release from other tissues, since no feeding occurs at this time. 

(3) Following ecdysis, the carbohydrates concerned are presumably utilized 
in the tissue growth of the next instar, since the blood sugar level falls at this time. 

‘The rise in disaccharide concentration throughout the fifth instar might play 
a minor role in bringing about the presumed rise in osmotic pressure and blood 
volume, but many other metabolites, as yet uninvestigated, may be released into 
the haemolymph just before ecdysis and exert a greater osmotic effect. 

Bisnop et al. (1925) found that during pupation of honey bees there was a 
lowering of osmotic pressure in the blood, due largely to changes in blood sugar 
content associated with lessened activity. This again suggests that at ecdysis, in 
locust blood, the rise in sugar concentration accounts for the rise in blood volume 
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by an osmotic pressure effect. It would be interesting to know the variation in 
osmotic pressure at different developmentai stages. 

Many other authors give values for various metabolite concentrations in insect 
blood (see Rapp, 1947, for literature), but none gives the variation with age. In 
view of the variation in blood volume/unit weight shown here, metabolic concentra- 
tions given without reference to age or physiological condition (e.g. at ecdysis) 


are restricted in value, as also are those of blood cell counts. 
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Abstract—Haemolymph citrate levels have been determined in a variety of insects 
belonging to six Orders. ‘The values found for larval stages were higher than for the 
corresponding adults, but the citrate titres in all cases exceeded those for blood of other 
organisms. ‘The haemolymph citrate of Prodenia eridania was unaffected by change 
in diet, but was doubled by injection of fluoroacetate. A marked decrease in the total 
citrate of P. eridania and Phormia regina pupae occurs during the early part of 
metamorphosis, and the low level is maintained during adult development. 


INTRODUCTION 

THE occurrence of a high citrate concentration in an insect was first observed by 
Tsujt (1909); employing now outmoded procedures this author found about 
48-5 mM citrate in Bombyx mori larval haemolymph. Since that time, and despite 
the extensive literature on the chemistry of insect haemolymph (cf. Buck, 1953; 
Wyatt, 1961), surprisingly little attention has been paid either to Tsuyt’s original 
finding or to organic acids of insects in general. Thus, to summarize the literature, 
the citrate concentration in the haemolymph of the horse bot-fly larva (Gastrophilus 
intestinalis), Rhodnius prolixus larva, and Tenebrio molitor adult is 2-3, 2-3, and 
5-0 mM, respectively (LEVENBOOK, 1950; PATTERSON, 1956, 1957). PATTERSON’s 
data regarding changes in citrate during metamorphosis of Tenebrio will be 
discussed below. Qualitatively, PARKER and RuUDALL (1955) found calcium citrate 
hexahydrate crystals in the ootheca of the praying mantis. 

The above four values for haemolymph citrate are from 20 to 350 times those 
for vertebrate blood (cf. ‘THUNBERG, 1953) and suggest that high citrate levels 
might be a ‘biochemical characteristic’ of insects. Accordingly, we have performed 
citrate analyses on a variety of insects at different stages of development in order 
to appraise the plausibility of this suggestion. 


MATERIALS AND METHODS 
Materials 
The origin of the various insects employed in this study is indicated in Table 2. 
Haemolymph was obtained from the different species in a variety of ways: where 
practical, a coxa or a basal antennal joint was amputated and the droplets of 
haemolymph which oozed out were aspirated directly into a fine pipette from which 
it was rapidly expelled into a small tube on ice. In soft-bodied larvae an incision 
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was made into a proleg (Lepidoptera) or a thoracic segment (Diptera, Hymenoptera) 
and the haemolymph drained into a small iced tube. From adult Diptera and 
Hymenoptera haemolymph was obtained by aspiration into a pipette directly from 
the dorsal sinus; in the box-elder bug (Leptocoris trivittatus) the haemolymph 
which appeared between various joints and segments through reflex bleeding was 
collected. 


Methods 


When sufficient haemolymph had been obtained, 20-100 yl aliquots were 
deproteinized with 5°, (w/v) trichloroacetic acid. The precipitated protein was 
washed once on the centrifuge with fresh trichloroacetic acid and the combined 
supernatant and washing made up to 1-0 ml with distilled water. Whole insects, 
including pupae,* were homogenized in 5% trichloroacetic acid and the 
extract allowed to stand for 5 min before centrifuging. The precipitate was 
washed twice on the centrifuge, and the combined supernatant and washings 
made up to a known volume, generally either 5-0 or 10-0 ml. Citrate was determined 
on duplicate or triplicate aliquots of these extracts by a slight modification of 
the method of NATELSON et al. (1948). 

For chromatography, haemolymph and pupae were deproteinized with hot 
80°, (v/v) ethanol ; the alcoholic extracts were taken to dryness on a flash evaporator 
and the residue taken up in ca. 2-0 ml of water. The aqueous extract was adjusted 
to pH 7-9 and adsorbed onto an ion-exchange column of Dowex 1-X10, formate 
form (PALMER, 1955). Neutral and basic compounds were washed off the column 
with water, and the organic acids eluted with ca. 6 N formic acid. The formic 
acid extract was evaporated to dryness and the residue taken up in a minimum 
of water for application to Whatman No. 1 chromatography paper. One- and 
two-dimensional chromatography was performed according to PALMER (1955) 
and Car.es et al. (1958), respectively. 


RESULTS 
Specificity of the citrate method 


The high specificity of most colorimetric methods for determination of 
citrate depends upon the bromination of citrate to form the pentabromacetone 
derivative. The specificity, however, has never been tested with biological 
material of insect origin and this was clearly desirable before applying the penta- 
bromacetone procedure to haemolymph and tissues from various insects. 

Recovery of known amounts of citrate added to Prodenia eridania or Phormia 
regina haemolymph or pupal extracts was quantitative, but this does not preclude 


interference by one or more compounds masquerading as citrate in these extracts. 
Accordingly, 1-0 ml of pooled Prodenia haemolymph was deproteinized with 80%, 
ethanol, and the organic acids fractionated on a Dowex 1-X10 ion exchange 

* In the present work the term pupa is used loosely to denote a quiescent, non-feeding stage of 


development, i.e. no physiological distinction is made between pre-pupa, pupa, or pharate adult 
(Hinton, 1958). 
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column as described by PALMER (1955). A small aliquot of the same haemolymph 
sample was analysed for citrate dir« ctly by the Natelson procedure, and indirectly 
by titration of the fractions collected from the column with 0-005 N NaOH. 


The fractions composing the citrate peak (which could also include pyruvate, 


isocitrate, and malonate) were combined and taken to dryness. ‘The residue was 
dissolved in a known volume of water, and an aliquot taken for a further colori- 
metric citrate determination. A second aliquot was chromatographed on paper and 


the single demonstrable spot corresponded exactly in R, with that of authentic 


citric acid in two solvents. Under our particular conditions any other organic 
acids whose concentration was less than 5-10 per cent that of citrate would not 
have been detected, and their possible presence is, therefore, not excluded. 

[he quantitative results of the above experiment are shown in Table 1 


Recovery of known amounts of citrate off the column, by titration, was about 


SPECIFICITY OF THE NATELSON et al. CITRATE METHOD FOR 
Prodenia eridania HAEMOLYMPH 


Citrate per ml 
haen olymph 


(yam) 


Direct colorimetri determinatior 148 
etermination on combined haemolymph cit1 14-9 


after ion-exchange chromatography 
’ 


determination of citrate fractions from 10 13°; 


ov per ct nt (cf. Buscu et al., 1952), and the data, therefore, indicate that the 
colorimetric procedure is most probably a valid assay for haemolymph citrate in 
P. eridania. We have assumed that this is likewise the case for the other insect 


sp cies eCXamine d 


Haemol\ mph citrate titres 


he haemolymph citrate concentration for a number of insect species 
representing six Orders is shown in Table 2. It is clear that there is a wide 
variation in the titres, ranging from 0-33 mM citrate for the 9-day-old adult 
Phormia to 32-1 mM in the fifth instar silkworm. This latter value is considerably 
lower than that reported by Tsuy1 (1909), but the discrepancy undoubtedly reflects 
the greater specificity of the present assay procedure. An explanation of the 
large variation is seen in a comparison of the values for larval as opposed to adult 
forms; the haemolymph citrate of the larval stages is consistently higher than that 
of the corresponding adults (cf. A. mellifica, P. regina, S. bullata, P. eridania, 
and, as discussed below, Drosophila melanogaster). ‘The variation among either 
larval or adult stages is much less than that noted above, but even such a comparison 
is not entirely valid as there is some indication (e.g. P. regina) that citrate concen- 


tration may be related to chronological age in addition to the stage of development 
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TABLE 2—HAEMOLYMPH CITRATE LEVELS IN INSECTS 


Species Stage examined Citrate (mM) 


Cok optera 
Tenebrio molttor 
Dermestes vulpinus 


Photwu is sf 


Hemiptera 


Crt} optera 


Pertplaneta ameyr 


Dipte ra 
Phorn 1a regina 
Phormia regina 
Phormia regina 
Sarcopnaga bral le 


Sarcophaga bu 


Le pidoptera 
P) denia eridania 
Prodema eridania 
(;alleria 
Boml 
Bon ak 
Platy Sani 
Plat, anid ¢ 
Protoparce sexta 


Telea polyphemus 


Variability of haemolymph c1 within a species 


With one exception the data of ‘Table 2 were obtained by the analysis of no 
more than two samples of led haemolymph and give no indication as to 
the variation of citrate an y replicate samples within a species Che above 
mentioned exception consisted of fourteen fully grown P. eridania larvae taken 


from three successive generations w h were analysed individually to 
citrate variability he haemolymph citrate titres for these larvae ranged from 
10-6 to 25-8 mM, with a mean of 20-5 mM and a standard deviation of + 45 mM 


It is our impression that the lower values related to the smaller and/or possibly 


younger larvae. In other experiments (LEVENBOOK, unpublished) it has been shown 


that equally wide variations are observed in the total free amino acid and glutamine 


concentration in P. ertdania haemolymph 
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Prodenia larvae were also the subject of an experiment to examine the effect of 
dietary differences on haemolymph citrate. Newly hatched larvae were raised 
first on kale for which we found 0-13 per cent wet weight of citrate; when about 
a quarter grown they were transferred to a diet relatively rich in citrate, namely 
potato tuber, which may contain up to 1-0 per cent citrate (STEINHARDT, 1945) 
\ pooled sample of haemolymph collected from four fully grown larvae was then 
analysed for citrate: the value so obtained, 17-3 mM, was well within the range 
found for larvae raised entirely on kale. ‘Thus, an almost eight-fold difference in 
the citrate content of the diet was apparently without effect on citrate concentration 
of the haemolymph 


Citrate in Drosophila melanogaster 


Due to the difficulty of obtaining sufficient haemolymph for analysis from 
adults of this relatively small species, trichloroacetic acid extracts of the whole 
insects were employed for citrate determinations. Data pertaining to three strains 
of D. melanogaster are presented in Table 3. Differences between the strains were 
not significant and, as already indicated, the citrate content of larvae was 
considerably higher than that of the corresponding adults. 


TABLE 3—CITRATE IN THREE STRAINS OF Drosophila melanogaster 


Fully grown larval third instars and adults 6-10 hr of age were 
employed. The values are the mean of duplicate analyses 


Strain Citrate 
(mM per kg wet wt.) 


Oregon R, larva 
Oregon R, adult 


Florida R, larva 
Florida R, adult 


Oregon R ‘Giant’, larva 


Citrate in eggs and tissues 


Some preliminary analyses were performed on eggs and tissues. P. regina 
eggs were collected after overnight oviposition on horse meat. Larval Prodenia 
tissues were dissected out under ‘Varsol’ (a petroleum hydrocarbon immiscible 
with water) in order to avoid any leaching out of citrate from the tissues into the 
dissection fluid. ‘The iced tissues were superficially dried on Whatman No. 50 
filter paper and weighed prior to extraction. The data, presented in Table 4, 
indicate that citrate is concentrated in the Phormia egg as compared with the 


surrounding maternal haemolymph, while in the Prodenia larva the citrate appears 
to be concentrated in the haemolymph (cf. LEveENBooK, 1958). 
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Effect of fluoroacetate on haemolymph citrate 

Injection of fluoroacetate into higher organisms produces a marked elevation 
in the blood and tissue citrate levels due to inhibition of the enzyme aconitase 
(PeTers and WAKELIN, 1957). It was therefore of interest to examine the effect of 


ABLE 4—CITRATE CONTENT OF EGGS AND TISSUES 


The values refer to a singi< sample of each tissue analysed ir dupl ate 


Tissue Citrate 
per kg wet wt.) 


P. regina, ewes 


Prodema larva, pooled 
internal tissues 


Prodenia \arva, gut 


Prodema \arva, fat body 


fluoroacetate on insects, to see whether their normally high citrate levels could be 


increased still further Ihe experiment was performed as follows 


‘TABLE 5—EFFECT OF FLUOROACETATE ON P. eridania HAEMOLYMPH CITRATI 


Citrate (mM) 
Before injection After injection 


Fluoroacetate injected 
Larva no. 1 
Larva no 


Water injected control 


Samples of haemolymph were taken from each of three fully grown Prodema 
larvae and the ‘zero time’ citrate levels determined. Two of the larvae were then 
injected under CO, anesthesia with 20 yg of sodium fluoroacetate. The third 
larva was injected with a similar volume (5 yl) of distilled water as a control. 3 hr 


later the larvae were sacrificed and the haemolymph citrate was again determined. 


It may be noted that the insects showed no ill effects despite the high dose of 
fluoroacetate. The results are shown in Table 5. 

It is clear from the above experiment that the effect of fluoroacetate was to 
double the resting citrate level of the injected insects, and this in turn implicates 
the larval aconitase as being concerned with citrate metabolism. It may be noted 
in this connexion that all the enzymes of the tricarboxylic acid cycle have been 
detected in the Prodenia larva (LEVENBOOK, 1961). 
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Citrate during metamorphosis 
PATTERSON (1956, 1957) followed the changes in total body citrate during 
metamorphosis of the mealworm, Tenebrio molitor. The citrate titre varied in a 


manner reciprocal to the U-shaped respiration curve so typical of insect adult 


deve lopm« nt, and this led PATTERSON to postulate that citrat accumulation in this 


insect is inversely proportional to the activity of the tricarboxylic acid cycle. Since 
this hypothesis raises some fundamental questions regarding the role of the cycle 
in insects, we were led to repeat the analyses on two other species, viz. Phormia 
and Prodenia 

l'richloroacetic acid extracts were prepared from ten fully grown third instar 
Phormia, ten ‘white pupae’, and groups of ten pupae selected daily during the 
6 days of metamorphosis (hree or four Prodenia pupae of known age were 
individually analysed daily during the 9 days of adult development. The results of 
these determinations are shown in Figs. 1 and 2 

Unlike PATTERSON’s findings for Tenebrio there was no rise and fall in the 
citrate titre during metamorphosis in either Prodenia or Phormia; to the contrary, 
in both these species a marked utilization of citrate occurs during the first third 
of the pupal period, the decrease being much more marked in Phormia than in 
Prodenia. Further, once the lowest citrate level had been attained, it remained at 
this low level for the remainder of adult development. ‘These findings are consistent 
with the differences already noted between the citrate titres of larval and adult 
haemolymph, and the marked decrease in total citrate in adult as opposed to 
larval D. melanogaster. ‘There is no obvious explanation as to why the citrate 
picture during metamorphosis in Tenebrio is entirely different from that of Phormia 
or Prodenia 

DISCUSSION 

(he present work establishes the fact that despite wide variations the 
haemolymph citrate concentration of many, if not of most, insects is generally 
higher than the blood citrate levels of other organsims. ‘Tsuyi’s (1909) and our 
own unpublished observations indicate that citrate is the major non-volatile 
organic acid in the haemolymph of some insects whereas in others, e.g. Gastrophilus 
intestinalis larva, it is only a minor component (LEVENBOOK, 1950; Nossa, 1952). 
Nevertheless, the haemolymph citrate has a sufficiently high titre in all the insects 
examined thus far to warrant it being considered a ‘biochemical characteristic’ 
of the class Insecta 

‘The question may be asked whether the insect citrate is of exogenous (i.e 
dietary) or endogenous origin. ‘There is some indication that lepidopterous larvae, 
feeding primarily on plant foliage of relatively high citrate content, do in fact have 
a higher haemolymph citrate content than other insects. However, the dipterous 
larvae also have a high haemolymph citrate, and yet the meat upon which they 
feed contains very little citrate. ‘here appears to be little or no correlation between 
dietary and haemolymph citrate levels as judged either by inspection of the values 
in ‘l'able 2, or from the feeding experiments with Prodenia larvae, and hence the 


insect citrate is undoubtedly endogenous in origin 
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Fic. 1. Variation in total citr 


ach point is the mean of triplicate 


Variation in 
Each point is the mean of 
pupa¢ the number of pupa 


upper and lower limits of the 
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here seems to be little question that citrate in insects can be formed by the 
mechanism of the tricarboxylic acid cycle (Hoskins et al., 1956; LEVENBOOK, 
1961), and the present experiments with fluoroacetate support this conclusion. 
gut there is also some evidence involving the fixation of C'QO, into insect organic 
acids (VYSKREBENTSEVA, 1957; SomLo and Fukunara, 1959) which suggests that 


alternative synthetic pathways for citrate also exist. An understanding of the 


intermediary metabolism and biological function of organic acids in insects 
clearly requires a great deal of further work. 

The data of this paper support the view that elevated citrate levels are 
characteristic primarily of larval insects, and that the decrease observed in the 
adults occurs during the early stages of metamorphosis. Experiments are now 
under way to determine whether this pupal decrease is due to a more rapid rate 
of utilization, or to a lower rate of citrate synthesis. 
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Abstract ; larvae of the Rhinoceros beetle (Oryctes nasicornis L.) have been the 
main subject of this investigatior he have proved to have a mode of feeding 


lifferent from those which are considered true wood-eating beetle larvae (Buprestidae, 


ind Cerambvycidae Quantitatively comparing food and excreta of the 


beetle lar we WV able to demonstrate a remarkable decrease in both 


} 


ind solubl ar thus proving that the free-living intestinal micro 


‘ 


eed on carbohydrates in the saccus, at the same time increasing the protein 

the original food to a great extent After regurgitating these substances 
organisms as direct protein supplh 

larvae of Melolontha melolontha L. were 


ombustion and low metabolic rates in 


1. EINLEITUNG 


Dit Larven von Oryctes nasicornis L. erschienen uns wegen ihrer ernahrungs- 
physiologischen Sonderstellung neben denen von Melolontha melolontha L. als 
besonders geeignet, eine Verdauungssymbiose zu studieren. Um einen Einblick 
in die vielseitige Ernahrungsphysiologie solcher Spezialisten zu geben, ziehen wir 
zum Vergleich die Verhiltnisse bei anderen im Holz fressenden Kaferlarven 
und ‘Termiten heran 

Lyctiden-, Bostrychiden- und einige Cerambycidenlarven, die in starkereichen 
Laubhélzern fressen, decken ihren Kohlehydratbedarf aus Starke und Zuckern 
Liegt doch der Pentosan- und Hexosangehalt bei den Laubhélzern besonders hoch 
Scumipt (1943) gibt fiir Fichte 12,77°,, fiir Buche 23,11°,, Birke 25.99%, und 
Pappel 22,88 Pentosane in der wasserhaltigen Holzsubstanz an. Scuucu (1937) 
stellte Untersuchungen itiber den Nahrungswert von Kiefern- und Fichtenholz fiir 
die Larve des Hausbockkafers an. Aus dem Quotienten Kot/Gewichtszunahme 
ermittelte er den Nahrungswert verschiedener Stammzonen und fand, dass das 
langsamere Wachstum der Larven in den inneren Holzteilen auf einen geringeren 
Gehalt an verwertbarer Nahrung in den Alteren Jahresringen zuriickzufiihren ist 
Nicht klaren konnte er jedoch, was die eigentliche Nahrung der Larven darstellt. 

Hier taucht als erste die Frage nach der Auswertung der im Holz vorliegenden 
Cellulose, die im lufttrockenen Holz etwa 50°,, ausmacht, auf. Nach Fatcxk (1930) 


* Present addre Nazaret! ) ouisville 3, Kentuck 





ERNAHRUNGSPHYSIOLOGISCHE UNTERSUCHUNGEN AN SCARABAEIDENLARVEN 63 


entziehen z.B. Larven von Hylotrupes bajulus L. dem Fichtenholz 12,3 des 
Holzgewichtes in Form von Cellulose und 2,7°,, in Form von Hemicellulose. Das 
sind etwa 21°, des Gesamtgehaltes an Cellulose und Hemicellulose. 

Obwohl schon bei einer ganzen Reihe von Cerambyciden, Anobiiden, und 
Siriciden kérpereigene Cellulasen und Hemicellulasen (bzw. Lichenasen) durch 
Mansour und Mansour-Bek (1934), Parkin (1940), und ScHLoTrKe (1945) 
gefunden worden sind, fehlt bei den Lamellicornierlarven jede Spur einer kér- 
pereigenen Cellulase, WIEDEMANN (1930), Ripper (1930), ScHLOTTKE (1945). 

CLEVELAND (1925) konnte an Termiten nachweisen, dass die Tiere auch ohne 
kérpereigene Cellulase mit Hilfe der Flagellaten die Cellulose der aufgenommenen 
Holzsubstanz abbauen. Er bewies an Fiitterungsversuchen, dass Tiere, die der 
Mikroorganismen beraubt wurden, nach kurzer Zeit zugrunde gingen. ‘TRAGER 
(1932) ermittelte fiir Termiten, dass die Tiere bei einer Holznahrung mit 54,6 
Cellulose, 18,0 Pentosanen, und 27 Lignin einen Kot mit 18,0°, Cellulose, 
8.0°,, Pentosan, und 75,5 Lignin produzierten 

WERNER (1926) untersuchte Potosia cuprea, wobei es ihm gelang aus dem 
Saccus der Larve den anaeroben Bacillus cellulosam fermentans zu isolieren und 
damit in der Kultur eine Cellulosezersetzung zu zeigen. Auch WIeEDEMANN (1930) 
hat aus dem Saccusabschnitt des Darmkanals von Cetonia, Oryctes und Osmoderma 
Larven cellulosespaltende Bakterien angereichert und im vitro eine Zersetzung 
von Filtrierpapier erzielt. Ripper (1930) konnte jedoch mittels Kotanalysen 
keinen Celluloseabbau bei Dorcus Larven bestatigen 

Zum anderen ist die Frage der Stickstoffversorgung dieser Nahrungsspezialisten 
noch véllig ungeklairt. Die etwa 0,1 Stickstoff der Holzsubstanz entsprechen 
dem 0,5°,, betragenden Eiweissgehalt des Holzes und diirften- verglichen mit dem 


Eiweissgehalt anderer Niahrsubstrate- als sehr gering anzusehen sein. Dass es 


einigen Autoren gelungen ist, verschiedene Insektenarten were Zeit bei stick- 


stoffreien Didten ohne Vlang« lerscheinungen und Gewichtsabnahme zu naiten, 


CLEVELAND (1925), LuNp* (1930), Becker (1942), wird auf die Beteiligung 
svymbiontischer Mikroorganismen ; ickg hrt. ScHANDERL (1942) konnte bei 
Hefesymbionten, aus Rhagium inquisit liert, eine Assimilation von elementaren 
Stickstoff nachweisen PoTruw (1950) und GENE* (1949) gelang dies auch bei 
Kalotermes durch Bakterier HuUNGATE* (1944) stellte dageg fiir Zootermopsis 
fest, dass die im Holz vorliegende N-Menge durchaus ; ige, um den Bedarf 
der Tiere zu decken. Di ikroorganismen im Wirtstier kénnen sich nicht nut 
erhalten, sondern sich auc 

WIEDEMANN (1930) nahm schon an, dass die symbiontischen Mikroorganismen 
durch eine Protease des Wirtstieres zur Auflésung gebracht werden. So kommen 
die Eiweisse des Bakterien- und Protozoenleibes letztlich doch dem Wirtsorganismus 
zugute 

GoeTscH (1946) brachte symbiontische Bakterien verschiedener Insektenarten 
unter die Einwirkung von Darmteilchen und konnte eine auflésende Wirkung 


auf die Bakterienkulturen nachweisen Er bezeichnet die Darmbakterien als 
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Eiweissquelle und Vitaminspender. Auch Becker (1949) sieht die Beteiligung der 


intraintestinalen symbiontischen Bakterien und Flagellaten am Vitamin- und 
Eiweiss-Stoffwechsel der holzfressenden Insekten als gesichertes Ergebnis an. 

In der vorliegenden Arbeit soll erstens versucht werden zu klaren, wie 
weit eine wirkliche Ausniitzung der im Holz vorliegenden nativen, mit Lignin 
inkrustierten Cellulose durch die Larven des Nashornkafers vorliegt. Denn alle 
angefiihrten Kulturversuche mit Cellulose spaltenden Bakterien verlieren an 
Bedeutung, wenn man bedenkt, dass Filtrierpapier chemisch denaturierte Cellulose 
ist. 

Zweitens sollen die Leistungen der intraintestinalen Mikroorganismen geprift 
werden, besonders auf ihre Beteiligung am N-Stoffwechsel. 

Drittens werden Untersuchungen iiber den respiratorischen Quotienten bei 
Engerlingen angestellt, um einen Einblick in den Betriebsstoffwechsel von Scara- 
baeidenlarven zu erhalten. 


Il. MATERIAL UND METHODIK 


Die Gattung Oryctes, die in der palaarktischen Zone wahrscheinlich infolge hoher 
Temperaturanspriiche nur mit einer Art: O. nasicornis und Unterart grypus vertreten ist, 
hat in den Tropen mit ca. 42 Arten als Palmschidling grosse Bedeutung. Ebenfalls wird 
fakultatives Auftreten, von Larven allerdings, als Schidling an Wurzeln von Obstbaumen 
und Weinstock aus dem Mittelmeer-Raum berichtet. 

Als Versuchstiere dienten hauptsichlich erwachsene Larven von Oryctes nasicornis L. Sie 
entstammten zum grdéssten Teil den in Verrottung begriffenen Sagemehlabfillen eines 
Sagewerks. Am Fundort fiihrten wir zweimal wihrend eines Jahres, im Januar und 
September, Temperaturmessungen durch und fanden in Tiefen zwischen 30 und 150 cm 
unter der Oberflache in den Sagemehlhaufen Temperaturen von 32 bis 44°C (Bei Aussen- 
temparaturen von 0 bzw. 18°C). Wenige Larven entstammten Mistbeeterde und 6 Larven 
eingestampften und iiberwinterten Traubentrestern. In den Versuchen zur Ermittlung des 
respiratorischen Quotienten verwendeten wir auch Larven von Melolontha melolontha L. 

An den Engerlingen wurden folgende Untersuchungen ausgefiihrt: 

Messung der Wasserstofhionenkonzentration. 

Qualitative Fermentnachweise. 

Bestimmung des Blutzuckergehaltes. 

Bakteriologische Untersuchungen zur Definition der Darmfloraleistungen 

Kalorimetrische Verbrennungen und quantitative Analysen zur Bestimmung des 
Grades der Futterauswertung 

Réntgenologische Untersuchungen zur Bestimmung von Weg und Verweildauer der 
Nahrung im Darm. 

Priifung der Wirkung von Mitteldarmferment auf die Darmflora 


Bestimmung des respiratorischen Quotienten. 


a. pH-Messungen 

Die pH-Messungen wurden mit dem Jonometer nach Lautenschlager (in Korpatzky, 
1938) mit Chinhydronelektrode nach der Mikromessmethode von SwiINGLe (1931) mittels 
Agarheber durchgefiihrt. Fiir die Titrationsmessungen wurden anstelle des Agarhebers 
Kapillargefisse verwendet. Fiir jede Messung wurde hier 0,1 ml Darmfliissigkeit mit fein 
ausgezogener Pipette entnommen und mit 0,5 ml ausgekochtem Aqua dest. vermischt. 
Titriert wurde mit n/100 HCl, die in Mengen von 0,05 ml aus einer Mikrobiirette zufloss 
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; 


STELLWAAG, 1940, bet SCHLOTTKE, 1945, bei Cetonia, Potosia, und 
Dorcus) bei den untersuchten Arten einen stark alkalischen Wert im vorderet 
Mitteldarm. Dieser steigt nach WILDBOLZ bis zum hinteren Mitteldarm um 0,1 
bis 1,0 an und schwankt zwischen 7,9 und 9,5. Die von SCHLOTTKE verwendet 
Indikatormethode ergab 11,0 bis 11,5 im Mitteldarm. Fiir den Saccus wird 
allgemein ein pH-Wert von 7,0 bis 7,5 angegeben. Auch WIEDEMANN spricht, 
ohne genaue Werte anzugeben, von einer im Verlaufe des Mitteldarms nac!l 
hinten zunehmenden Alkalitat im Darm der Nashornkaferlarve, wahrend di 


Hauptmasse des Sa isinhalts meist annahernd 


neutral, im Endabschnitt sau 
sel 
Wir legten die morphologische Ghieder ing des Larvendarmes in einen Vordet 


darm. Mitteldarm mit 3 Blindsackringen und Enddarm mit Saccus und Rectur 


(Abb. 1, Schema 1 und 2) unseren Untersuchungen zugrunde. Ausserdem wurde 


/\ 


Reg on 


der pH-Wert von Futter und Exkrementen gemessen. Die Resultate sind 
Tabelle 1 zusammengstellt und zeigen, dass die Alkalitat im Vorderdarm geringet 
ist als im gesamten Mitteldarm. Im Mitteldarm ist sie am starksten zwischen den 
ersten und zweiten Blindsackring. Im Gebiet des Saccuseingang ist noch eine 
schwache Alkalitat zu verzeichnen, wahrend beim Saccusausgang ein neutralet 
Wert erreicht wird. Die Kotballen reagieren stets deutlich sauer. Fiir Verschieb- 
ung des pH-Wertes nach dem sauren Bereich sind die im Saccus tatigen Bakterien 
verantwortlich, die sich sowohl in der Cellulose-Kultur als auch auf Bromthy 
molblau- Agar als Saurebildner erweisen 

Die Mehrzahl der Arbeiten, die zur Bestimmung der Pufferungskapazitat ar 
Insektendiarmen ausgefiihrt worden sind (STAUDENMAYER und STELLWAAG, 1940; 
Hastincs und Pepper, 1943; ScuiotrKe, 1945; Witpspoiz, 1954) stimmen 
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TABELLE 1—WASSERSTOFFIONENKONZENTRATION IM 
DarM, Kot, UND FuTTER DER LARVE VON Oryctes 
nasicornis 


Entnahme des pH-Mittel Zahl der 
Materials aus wert Messungen 


Vorderdarm 8, 
Mitteldarm zwischen 

1. und 2. Blindsackring 
Mitteldarm zwischen 

2. und 3. Blindsackring 
Saccuseingang 
Saccusausgang 
Kot 
Futter (Sagemehl) 


A + 


Ann. 2 litrationskurven zur Ermittlung des Pufferungsvermégen im Muittel 


Enddarm der Larve von Oryctes nasicornis L. 


dahingehend iiberein, dass sich das Pufferungsvermégen im Bereich des natiir- 
lichen Darm-pH-Wertes als gering erwiesen hat. Im hier ‘vorliegenden Falle 
sollte untersucht werden, wie weit der Darm-pH von den Saurebildnern des 
Saccus beeinflusst wird. Abbildung 2 stellt die ‘Titrationskurven aus den 
Pufferungsmittelwerten dar. Erstens zeigt der Mitteldarm als Ort der Sekretion 
eine stirkere Pufferung als der Enddarm, zweitens ist eine geringe Pufferkapazitat 
im alkalischen Bereich zu verzeichnen, wihrend beim pH vom ungefahr 5 eine 


. 
5 
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Zunahme des Pufferungsvermégens eintritt. In Ubereinstimmung mit den von 
WILpBoLz an Melolontha Larven erzielten Ergebnissen konnten wir somit auch bei 
der Larve von O. nasicornis eine deutliche Zunahme der Pufferkapazitat im sauren 
pH-Bereich zeigen. Wahrscheinlich wirken die im Saccus gebildeten organischen 
Sauren als Puffersubstanzen. Eine Aussage tiber das Puffersystem selbst kénnen 


wir nicht machen. 


2. Fermente im Darmkanal 


WIEDEMANN (1930) konnte bei seinen Untersuchungen tiber die Verdauungs- 
fermente einiger Scarabaeidenlarven keine kérpereigene Cellulase und Amylase 
nachweisen. Dagegen fand er im Mitteldarm eine Protease, deren proteolytische 
Wirkung, wie er vermutete, durch Aktivierung in saurer Lésung erzielt werden 
soll. ScuLoTrKe (1945) hat dann spiter mittels quantitativer Methoden die 
Verdauungsfermente im Holz fressender Kaferlarven griindlich untersucht und 
wies fiir verschiedene Lamellcornierlarven (Cetonia, Potosia, Dorcus) die Haupt- 
verdauungsfermente im Mitteldarm, Proteinase, Dipeptidase, Lipase, und Amylase 
in betraichtlicher Konzentration nach. Er fand aber das Optimum der Proteinase 
weit im alkalischen Bereich bei pH ca. 9,3. 

Zuniachst konnten wir die Angaben ScHLOTTKEs beziiglich der aufgefundenen 
Fermente auch fiir die Larve des Nashornkafers bestatigen. Mit einem Extrakt 
aus Mitteldarm hergestellt, zeigte sich nach einer Einwirkungszeit von 24 Std. bei 
35-37°C eine auflésende Wirkung auf das Eiweissmedium, Wiirfel gekochten 
Hiihnereiweisses. Die Proteasenwirkung war am stérksten im pH-Bereich 9-11. 
Hier waren die Wiirfelecken und Kanten zunachst abgerundet, spater trat unter 
stirkerer Triibung der umgebenden Fliissigkeit weitere Zersetzung ein. Beim 
Enddarmextrakt sowie in dessen pH-Bereich 6-7 konnten wir selbst nach 
verlangerter Einwirkungsdauer keine derartigen Anzeichen einer Eiweiss-Spaltung 
erkennen. Eine genauere Einengung des Wirkungsoptimums war uns bei den 
angewandten Methoden nicht méglich. Fiir den Nachweis einer Amylase liessen 
wir die Extrakte auf eine 1-prozentige Starkelésung einwirken. Dauer und 


Temperatur wie im vorhergehenden Versuch. Es zeigte sich nach Jodzugabe, 
dass der Mitteldarm eine Amylase enthielt, die in den pH-Stufen 7—9 am wirk- 
samsten war. Der Enddarmauszug blieb dagegen wie die Kontrollen, denen 


abgekochte Extrakte zugesetzt worden waren, unverandert. Bei der Einwirkung 
EK-gefilterter Extrakte auf Filterpapiere, zeigte weder der Mitteldarm- noch der 
Enddarmextrakt Spuren einer Zersetzung. Zum Vergleich dienten Filterpapier- 
kulturen mit celluloseabbauenden Bakterien, in denen gewéhnlich schon nach 
3 Tagen die Zersetzung begann. 

Weiter priiften wir die Einwirkung von Mitteldarmextrakt im optimalen 
Bereich pH 9-11 auf die von uns in Kultur gehaltenen Darmbakterien der Larve, 
Zu diesem Zwecke liessen wir Darmausziige EK-gefiltert bei 35°C im Verhaltnis 
1 : 1 auf fliissige Bakterienkulturen in Omeliansky—Lésung einwirken. Die Zeit 
bis zur ersten Probeentnahme betrug 3 Tage. Schon zu diesem Zeitpunkt waren 
in den behandelten Kulturen keine lebenden Bakterien mehr festzustellen, 
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wihrend die Kontrollen mit gekochtem Fermentextrakt unveraindert geblieben 
waren. Bei der Ubertragung von je 0,1 ml unbehandelten und behandelten 
Impfmaterials auf Fleischagarplatten war in beiden Fallen Kolonienwachstum zu 
verzeichnen. Das Ferment hatte offenbar die Sporen in ihrer Keimfahigkeit nicht 
beeintrachtigt. Auf den Wirkungsort des Mitteldarmfermentes werden wir bei 
der Schilderung spater angestellter Réntgenuntersuchungen tiber den Weg und 
die Verweildauer der Nahrung im Darmkanal noch eingehen. 


3. Blutzuckergehalt 

In einer 1939 erschienenen Arbeit hat BEUTLER (1939) vergleichende Betrachtun- 
gen tiber den Zuckergehalt des menschlichen und tierischen Blutes angestellt 
und die Werte fiir verschiedene Tierstamme tabellarisch geordnet. Darin fanden 
wir bei den Coleoptera fiir Dyttscus latisstmus 0,11 mg Glucose/1 ml Hamolymphe, 
fiir Dytiscus circumcinctus 0,011—0,15 mg Glucose/1 ml Hamolymphe (BANG)* und 
fiir Hydrophilus piceus 0,06-0,14 mg Glucose/1 ml Hamolymphe (FLORKIN) 
angegeben. Im Hinblick auf die Verhaltnisse im Verdauungskanal der Larve des 
Nashornkdfers, wo dhnlich den Wiederkaduern gréssere Mengen unverdauten 
Futters in einem besonderen Teil des Darmkanals (Saccus) langsam durch 
Bakterien aufbereitet werden, interessierte uns die Frage nach der Regulation des 
Blutzuckerspiegels. Die Befunde fiir die untersuchten Wiederkauerarten sind z.T. 
sehr widersprechend. Fiir die hungernde Ziege trifft MAGerE nach anfanglichem 
Absinken am 7. Tage wieder auf normale Werte. Die von ALLCROFT und STRAND 
untersuchten Schafe zeigen ebenfalls nach 7 Tagen keine Verinderung im 
Blutzuckergehalt, wahrend HopGson bei Kalbern am 7. Hungertage ein Absinken 
auf etwa 1/3 des normalem Wertes verzeichnet. Unter den Wirbellosen wurden 
besonders Schnecken und Krebse und wenige Insekten im ‘langdauernden’ 
Hunger untersucht. So fanden FLORKIN und Bosson bei der Teichmuschel 
Anodonta noch nach einem Jahr unveranderte Werte und erkliren dieses Verhalten 
mit dem hohen Glykogengehalt und der geringen Beweglichkeit des Tieres. Fiir 
Cancer pagurus geben Roche und DuMazerT noch nach vierwéchigem Hunger 
normale Blutzuckerwerte an, wahrend KiscH und auch FLORKIN bei Carcinus 
maenas durch Hungern ein rasches Abfallen des Blutzuckerspiegels verzeichnen. 
Bei Insekten mit intensivem Stoffwechsel (Locusta viridissima und Honigbiene) 
tritt stets ein schnelleres Absinken des Zuckergehaltes der Hamolymphe ein. Bei 
der Biene kommt noch die Tatsache hinzu, dass sie nicht in der Lage ist, Fett 
oder Eiweiss an Stelle von Kohlenhydrat zu verbrennen. Wir entnahmen den 
Oryctes Larven zu jeder Bestimmung 0,1 ml Hamolymphe und fiihrten diese nach 
der Methode von HAGEDORN und JENSEN (1923) durch. In Tabelle 2 sind die 
erzielten Ergebnisse zusammengestellt. Im Mittel fanden wir fiir die normal mit 
Sagemehl ernahrten Tiere 0,123°,, Glucose in der Hamolymphe. Vergleichsweise 
wurden Tiere untersucht, die 6 Wochen bei reiner Filterpapierdiat, bzw. auf 
Filterpapier unter Zusatz von Kartoffelstarke gehalten worden waren. Bei diesen 
zeigte es sich, dass der Glucosewert nicht unter den normalen Miuittelwert 


* Die Originalarbeiten aller in diesem Kapitel zitierten Autoren sind in Beutier (1939) aufgefiihrt 
I 
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abgesunken war. Hungertiere zeigten einen relativ geringen Abfall auf 0,095°%. 
Daraus kann man lediglich ersehen, dass der Gehalt der Engerlinghamolymphe an 
Glucose nicht von dem der bisher untersuchten Coleoptera (allerdings Imagines) 
abweicht, und dass ein bedeutender Abfall selbst im langdauernden Hunger nicht 
eintritt. 


[ABELLE 2—GLUCOSEGEHALT IN mg PRO 1 ml HAMOLYMPHE DER LARVE 
VON Oryctes nasicornis 


Gesamtzahl Mittelwert 


der (mg Glucose/ml | Streuung Bemerkungen 


Messungen Hamolymphe) 


123,0 + 34, Normal mit verrottetem Siagemehl 
gefiitterte Tiere 

95,3 t , Hungertiere, 6 Wochen auf Seesand 

140,0 8 6 Wochen mit Filterpapier gefiittert 

123,0 + 5,05 Filterpapier unter Zusatz von 
Kartoffelstirke 


4. Die Darmbakterien als Energieumwandler und Eiweissquelle 

(a) Kohlenhydratquelle. Bei der Vielzahl und Mannigfaltigkeit der Bakterien, 
die der Darmkanal der Oryctes Larve beherbergt, war es uns nicht médglich, 
alle Formen zu _ studieren. Wir beschrinkten uns zunichst auf den 
Nachweis und die Kultur von celluloseabbauenden Bakterien und untersuchten 
Aufschluss und Verwertung der Holzsubstanz mittels Kalorienbestimmung und 
quantitativen Analysen. Als Ausgangsmaterial zur Anreicherung dienten Proben 
von Mitteldarm- und Saccusinhalt und Kot. Als Kulturmedium verwendeten 
wir die Nahrlésung nach Omeliansky. Wenn wir die beimpften Réhrchen bei 
37 Grad hielten, traten unter blasigem Auftreiben und Entfarben der mit Kongorot 
gefarbten Filtrierpapierstreifen nach ca. 3—5 ‘Tagen die ersten Anzeichen einer 


Cellulosezersetzung ein. ‘Traten diese Auflésungserscheinungen am Papier zuerst 


nur in der Zone der Fliissigkeitsoberflache auf, so kam es spater doch zu einer 
Auflockerung des Papiergefiiges auch innerhalb der Fliissigkeitssaule bis zur 
vollstandigen Auflésung. Den Glasern wurde zum Zwecke der Neutralisation 
CaCO, zugesetzt, da in Probeversuchen ohne CaCO, nach einer bestimmten Zeit 
infolge pH-Verschiebung die Zersetzung zum Stillstand kam. Bei einem Ausgangs- 
pH 7,6 sank die Wasserstofhonenkonzentration nach 6-wéchiger Kultur, wahrend 
der die Filtrierpapierrollen (Schleicher & Schiill Rundfilter) nur etwa_ bis 
zur Halfte zersetzt worden waren, auf 6,3 ab. Obwohl es uns gelang die Cellulose- 
zersetzer lange Zeit, iiber 1 Jahr, in Kultur zu halten und immer wieder keim- 
fahiges Material durch Abimpfen zu gewinnen, konnten wir jedoch bei den von 
uns angewandten Methoden keine Isolierung und Determination durchfiihren. 
Dies diirfte einer speziell bakteriologisch ausgerichteten Arbeit vorbehalten sein. 

Wie wir anfangs schon erwiahnten, verlieren diese Kulturversuche an Bedeutung, 
wenn man bedenkt, dass die im Filterpapier konzentrierte Cellulose in denaturierter 
Form vorliegt. Eine Méglichkeit, den realen Ausnutzungsgrad der Holzsubstanz 
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zu bestimmen, sahen wir daher im Vergleich des Kaloriengehalts von unverdauter 
und verdauter Holzsubstanz. Zu diesem Zweck wurden Futter und Exkremente 
getrennt in Pastillenform gepresst und in der Berthelotschen Bombe verbrannt. 
Im Verbrennungskalorimeter mit Beckmann-Thermometer fiihrten wir itiber 
Vor-, Haupt-, und Nachversuch eine Gangbeobachtung durch und erhielten als 
Verbrennungswert fiir ein Gramm Sagemehl wie es den Larven als Futter diente, 
im Mittel 4,09 Cal. und fiir ein Gramm Kot 4,3 Cal. Nach diesen Ergebnissen 
neigten wir zu der Annahme, dass die Nahrung vom ‘Tier sehr schlecht ausgeniitzt 
werde, oder dass die dem Futter in Form von Pentosanen und Cellulose entzo- 
genen Kohlenhydrate kalorienmassig durch Bakterieneiweiss ersetzt werden 
Diese Ansicht wurde dann spater bestatigt, da wir mittels quantitativer Analysen 
auf Cellulose und Pentosane in Futter und Kot eine wirkliche Ausnutzung der 
Kohlenhydrate im Darm der Larve nachweisen konnten. Der Glucosegehalt 
betrug im Futter 41,5°, im Kot 13,7 Multipliziert man diese Glucosewerte 
mit dem Faktor 0,9, so erhalt man den jeweiligen Celluloseanteil. Wir kamen 
somit auf 37,35°%, fiir das Sigemehl und auf 12,33°%, fiir den Kot. 

Der Cellulosegehalt verschiedener Holzarten wird in der Technologie ganz 
allzemein mit 40-60°,, angegeben. Aus den oben angegebenen Zahlen geht 
hervor, dass etwa 2/3 der im Holz vorliegenden Cellulose von den Darmbakterien 
der Larve tatsichlich ausgenutzt wird. Der Pentosangehalt wird fiir die Nadel- 
hélzer mit 10—20°,, angesetzt. In dem von uns verfiitterten Holzmehl waren 
11,3°% Pentosane enthalten. Der Kot enthielt noch 8,8°,,. Der Grad der Auswert- 
ung ist hier also geringer, so dass wir annehmen, dass diese Zucker im Haushalt 
der intraintestinalen Symbionten eine untergeordnete Rolle spielen. (Vergleiche 
hierzu die quantitativen Angaben von TRAGER (1932) auf Seite 2 fiir Termiten.) 

(b) Die Stickstoffquelle. Keimzahlungen an Bakterien im Mitteldarm, Saccus, 
und Kot ergaben eine auffallende Verschiedenheit in den Populationszahlen 
Das Keimmaterial wurde frisch praparierten und mit Aqua dest. abgespiilten 
Darmen entnommen und entsprechend verdiinnt in einer Zahlkammer ausgezahlt 
Im Mitteldarm fanden wir 188 Mill. Keime, im Saccus 470 Mill., und im Kot 
76 Mill. Keime pro 1 ml Darminhalt bzw. Kot. Den Wert fiir den Kot méchten 
wir als nicht ganz zuverlissig bezeichnen, da sich bei dem zu Ballen gepressten 
Kot grosse Schwierigkeiten bei der Herstellung der Verdiinnungen ergaben 
Immerhin zeigen die beiden ersten Zahlen eine deutliche Bakterienvermehrung 
innerhalb des Saccus an. Um eine Parallele hierzu auch im Anstieg des N- 
Gehaltes zu belegen, stellten wir quantitative Analysen bei ca. 30 Tieren an. 
Wir fanden, dass der N-Gehalt des verfiitterten Saigemehls 0,11 betrug, der 
N-Gehalt des Nahrungsbreies im Saccus aber das 10fache davon ausmachte, 
wahrend der Gehalt des Kotes an Stickstoff mit 0,3°,, noch wesentlich tiber dem 


des Futters lag. Auf einen primaren Stickstoffgewinn grossen Ausmasses erfolgt 


somit ein erneuter Verbrauch. Es geniigt den Darmbakterien der geringe N-Gehalt 
im Ausgangsmaterial um sich zu vermehren. Dass dies sogar rein anorganisch 
gebundener Stickstoff sein kann, ging aus den schon erwahnten Kulturversuchen 
in der Mineralsalzlésung nach Omeliansky hervor 
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Im natiirlichen Kreislauf ist die Larve des Nashornkafers mit Hilfe ihrer 
Darmbakterien also in der Lage, im Kot noch etwa dreimal soviel Stickstoff 
auszuscheiden, wie sie mit dem Futter aufnimmt. Dieses Zahlenverhiltnis diirfte 
sich mit dem von Goetscu fiir Termiten gefundenen Ergebnis decken. Er fand, 
dass bei einer Holznahrung, die etwa 0,25 Stickstoff enthielt, die ‘Termiten 
3,5 mal soviel N im Kot ausschieden 

(c) Der Wirkungsort des proteolytischen Mitteldarmfermentes. Aus vorstehenden 
Befunden und der weiter oben erwaihnten Tatsache, dass das proteolytische 
Mitteldarmferment im basischen Medium auf Bakterien eine auflésende 
Wirkung ausiibt, geht hervor, dass offenbar der N-Bedarf aus Bakterieneiweiss 
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Ass. 3. Schema 3, Nahrungsweg. |. Phase—analwirts gerichteter Saccustransport mit 
partiellem Rectaltransport. II. Phase—oralwarts gerichteter Mitteldarm-Riicktransport 
Schema 4, Verdauungsorte PHyv, Ort der proteolytischen Hauptverdauung; BVv, Ort 


ler bakteriellen Vorverdauung 


In diesem Zusammenhang dachten wir an den Verdauungsmodus der 
Wiederkauer und an die Méglichkeit eines Riicktransportes von Nahrungsbrei 
inklusive Bakterienflora innerhalb des Darmtracts. Zur allgemeinen Orientierung 
spritzten wir den ‘Tieren zuniachst eine Eosinaufschwemmung mittels einer 
Recordspritze vom Rectum her in den Saccus ein. In verschiedenen Zeitabstanden 
wurden die Tiere getétet und Mittel- und Enddarm getrennt in Alkohol ausge- 
schiittelt. Dabei stellten wir fest, dass gréssere Eosinmengen in den Mitteldarm 
gelanet waren. Da diese Methode jedoch einige Miangel aufwies, wie z.B. die 
Méglichkeit zu inneren Verletzungen, Reizwirkung auf die ‘Tiere, haben wir 
spiter die Larven réntgenologisch untersucht. Unter das Futter gemuischtes 
Bariumsulfat diente als Kontrastmittel. Eine Probeaufnahme stellte zuniachst fest, 
ob die Tiere gefressen hatten. War dies der Fall, so wurde wieder normales 
Sagemehl verfiittert wahrend der gesamten Versuchsdauer, wahrend der in 
verschiedenen Zeitabstanden geréntgt wurde. Die Ergebnisse haben wir in Abb. 3 
zusammengestellt. Danach lassen sich im Weg, den die Nahrung im Darmtractus 
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zuriicklegt, 2 Phasen unterscheiden. Diese sind in Schema 3 in die dazugehiérenden 
Darmregionen eingezeichnet. Die beiden Phasen teilen, wie aus Schema 4 zu 
ersehen ist, den Verdauungsvorgang in 2 Arbeitsginge, denen wiederum 2 getrennte 
Verdauungsort« zugeteilt sind 

1. Die bakterielle Vorverdauung oder auch die Verdauung der Kohlenhydrate 
Sie ist im Saccus lokalisiert und dient erstens der Auswertung der Holzsubstanz 
(Cellulose und Pentosanabbau). Da bei der histologischen Struktur des Saccus 
(s. Abb. 1. Schema 1) durchaus eine direkte Resorption von Spaltprodukten 
erfolgen kann, ist dieser als Ort der Kohlenhydratverdauung anzusehen. Zweitens 
erfolet im Saccus durch die in ihm stattfindende Bakterienvermehrung eine 
betrachtliche Eiweissanreicherung der Nahrung 

2. Die proteolytische Hauptverdauung. Sie kommt durch den Riicktransport 
von Nahrungsbrei und Bakterienflora in den Mitteldarm und die Eimwirkung 
des nur in seinem pH-Bereich wirksamen proteolytischen Mitteldarmfermentes 
zustande. Weiter zeigt ein Vergleich aller Schemata, dass fiir die Verdauung und 
Resorption nur die chitinfreien, resp. Epithel fiihrenden Darmabschnitte, wo die 
Nahrung Zugang zum Epithel hat, in Frage kommen. Es bleiben somit zwei 
Lokalitaten iibrig, der Saccus und der Mitteldarm. Dieses gruppentypische 
Merkmal. das Vorhandensein von zwei in threr histologischen Entstehung ver- 
schiedenen Verdauungsorten, stellt durch die Ausbildung eines transitorischen 
Ernahrungsorgans, des Saccus namlich, eine Spezialisierung det Scarabaeiden- 
larven dar. Uber die Schemata hinaus werden in der Abb. 4 die réntgenologischen 


Befunde wiedergegeben 


5. Der Atmungsstoffwechsel 


In einer Arbeit tiber den Stoffwechsel der Lepidopteren nimmt Zese (1954) 
an Hand eigener Ergebnisse sowie anderer Autoren die Einteilung der wenigen 
bisher untersuchten Insekten nach der Substrat-Veratmung in zwei Gruppen vor 
Honigbiene und einige Dipteren gewinnen die nétige Energie fiir ihre Muskelarbeit 
beim Flug ausschliesslich aus Kohlenhyddraten (JONGBLOED und Wiersma, 1935; 
BeuTLer, 1936; CHApDwick und Gi_mour, 1940; WicGLeswortn, 1949). Dagegen 
sind die von KroGcH und Wels-Focu (1951) untersuchten Hemipteren und 
Wanderheuschrecken auf Fettverbrennung zur Energiegewinnung spezialisiert 
K HOZHANTSCHIKOW (1938) und auch Zepe (1954) konnten zeigen, dass die Kohlen- 
hydrate auch im Stoffwechsel verschiedener Lepidopterenarten nur eine indirekt 
\usnutzung erfahren 

Uber den Atmungsstoffwechsel von Larvenformen liegen bisher nur wenige 
Ergebnisse vor. Vergleichende Betrachtungen tiber den Energicumsatz verpup- 
} 


pungsreifer Schmetterlingsraupen (Detlephila euphoria, Bombyx mort) yracht 


Heiter (1926). Dabei stellte es sich heraus, dass die Schwiarmerraupe zur 


Verpuppung, also nach Einstellung der dusseren Ernahrung, hauptsichlich Fett 


verbraucht, wihrend die Spinnerraupe hauptsichlich ‘Nichtfett’ zehrt (Kokon- 
bildung). In der Puppenperiode liegen bei diesen beiden Arten die Verhaltnisse aber 


gerade umgekehrt, so dass ein gewisser Ausgleich der beiden Reservestoftfe eintritt 
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Das Vorhandensein von ausgedehnten Fettkérpern bei den Larven des 
Nashornkifers liess uns an eine evtl. Fettzehrung denken. Wir haben daher 
Atmungsmessungen an Oryctes und zur Erganzung an Melolontha Larven zur 
Ermittlung des respiratorischen Quotienten beider Larven (Stadien 3 und 4) 
durchgefiihrt. Da diese Tiere im Vergleich zu Lepidopteren ausserordentlich 


‘TABELLE 3 \TMUNGSSTOFFWECHSEL VON Oryctes LARVEN 
IM KROGERSCHEN RESPIROMETER 


Mittl. O, Verbrauch | Streuung Mittl. CO, Abgabe Streuung | Mittl.| Streuung 
(cm*/O,/1 g/60 min) (cm*/CO,/1 g/60 min) RQ 


0.794 +0, 0.517 +0,.20 | 0,65 + 0,08 


triage sind, liessen sich die Messungen nicht scharf in Kategorien mit erhéhter und 
mit erniedrigter Muskelarbeit trennen, wie dies bei den Schmetterlingen im 
Fluge und im Ruhezustand ndétig ist. Wir mussten uns daher auf Messungen an 
normal gehaltenen, also frisch der Erde oder dem Sagemehl entnommenen Tieren, 
beschrinken. Einen Uberblick iiber die fiir Melolontha gefundenen Werte 


‘TABELLE 4—GRUNDUMSATZ VON Oryctes LARVEN IM 
KRUGERSCHEN RESPIROMETER 


Mittl. O, Verbrauch | Streuung Mittl. CO, Abgabe Streuung | Mittl.| Streuung 
(cm*/O,/1 g/60 min) (cm*/O,/1 g/60 min) RQ 


0.490 +011 315 +006 | 0,64 + 0,07 


‘TABELLE 5—-ATMUNGSSTOFFWECHSEL VON Melolontha LARVEN 
IN DER WARBURG-APPARATUR 


Mittl. 0, Verbrauch Streuung Mittl. CO, Abgabe Streuung | Mittl.| Streuung 
(cm*/O,/1 g/60 min) (cm*/CO,/1 g/60 min) RQ 


0,079 + 0,009 0,050 + 0,008 0,68 + 0,08 


vermittelt ‘Tabelle 5. Die Ergebnisse wurden mit der Warburg-Apparatur erzielt. 
Tabelle 3 enthalt die Werte, die mit dem Kriigerschen Respirometer fiir Oryctes 
Larven ermittelt wurden. Daneben bestimmten wir den Wert des Grundumsatzes 
an Oryctes Larven, die 24 Std. vor Versuchsbeginn ihrem Milieu entnommen 
worden waren und wiahrend dieser Zeit hungerten. Die Tiere verharrten wahrend 
der Messzeit fast bewegungslos, es ist aber zu bemerken, dass sie unmittelbar nach 
Uberfiihrung in die Glasgefisse stark erregt waren und sich dusserst lebhaft 
bewegten. Diese Unruhe zu Versuchsbeginn hat aber keinen Einfluss auf den 
Grundumsatzwert gehabt (Tabelle 4). Der RQ der Kaferlarven liegt waihrend 
des Ruhezustandes im Mittel bei 0,64. Bei dieser Zahl diirfte es sich um den 
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Wert des Grundumsatzes handeln. Der Respiratorische Quotient des Normal- 
stoffwechsels unterscheidet sich nicht wesentlich von ihm. Er liegt fiir Melolontha 
melolontha bei 0,68 und fiir Oryctes nasicornis L. im Mittel bei 0,65 und zeigt eine 
dauernde Fettzehrung an. Die Larven verbrauchen also in Ruhe und Aktivitit 


ihre Fettreserven. 


IV. DISKUSSION DER ERGEBNISSE 

Bei einem Uberblick iiber die bisher untersuchten Xylophagen nehmen 
die Scarabaeidae, die als Mulmfresser fakultativ Holz fressen, eine interessante 
Sonderstellung ein. Sie stehen nimlich in der Mitte zwischen den von 
Mansour und Mansour-Bex (1934), Parkin (1940), und ScHLoTTKE (1945) 
untersuchten Buprestiden, den meisten Cerambyciden, Anobiiden, und den 
Siriciden, die tiber kérpereigene Cellulasen und Hemicellulasen verfiigen und 
den Lyctiden und Bostrychiden, die ihren Kohlenhydratbedarf aus Starke und 
Zuckern decken, da sie ausschliesslich in starkereichen Laubhdélzern fressen 
Dies diirfte auch noch auf die sich von unterirdischen Pflanzenteilen ernahrenden 
Lamellicornierlarven (Melolontha Arten) zutreffen, die insgesamt tiber eine im 
Mitteldarm wirksame Amylase verfiigen. Eine Amylase lasst sich auch noch bei 
den zu Mulmfressern gewordenen Arten, z.B. bei O. nasicornis (eigener Ferment- 
nachweis), Cetonia aurata, Potosta cuprea, und Dorcus parallelopitpedius (SCHLOTTKE, 
1945) die fakultativ im verrotteten Holz leben, nachweisen, verliert aber hier an 
Bedeutung, da das Substrat fast ausschliesslich aus Cellulose und Hemicellulosen 
besteht. Sie decken daher ihren Kohlenhydratbedarf mit Hilfe ihrer intraintesti- 
nalen Bakterien, die ihnen die fehlenden kérpereigenen Fermente zum Cellulose- 
abbau liefern. Durch dieses Verhalten stehen sie mit den Termiten auf einer 
Successionsstufe, die bekanntlich auch tiber die Symbiose mit Flagellaten und 
Bakterien den Celluloseabbau bewerkstelligen (Tabelle 6) 

Wir konnten nun entgegen den Angaben von Ripper (1930), der bei Dorcus 
mittels Kotanalysen keinen Celluloseabbau feststellen konnte, diesen fiir O. 


nasicornis quantitativ nachweisen. Die im Kot noch auftretenden Cellulose- bzw 


Pentosanmengen zeigen eine 68-prozentige Ausniitzung der Cellulose und eine 
23-prozentige Pentosanausniitzung an. Der Wert fiir die Celluloseausniitzung 
deckt sich mit dem von TRAGER (1932) fiir Termiten angegebenen, wahrend dort 
eine bessere Petosanausniitzung durch die Termiten vorliegt. 

Dass damit die Rolle der Mikroorganismen im Stoffwechsel der Lamellicornier- 
larven noch nicht erschépft ist, postuliert schon WIrDEMANN (1930) in einem 
Kapitel der ‘Deutung des Zusammenlebens zwischen Larven und Mikroorganis- 
men’. Er ordnet das Zusammenleben ein in die ‘Stufe der Mikrobenziichtung 
auf dem Nahrboden des zerkleinerten Futters im Innern des Darmes’, also auf die 
Successionsstufe der extracellularen Endosymbiose. Er weist aber gleichzeitig 
darauf hin, dass die ‘Symbiose’ eigentlich ein einseitiges Parasitieren ist, weil die 
Bakterien zur Deckung des Stickstoffbedarfs von ihrem Wirt verwendet werden. 
Eine Erhéhung des Sauregrades in Darm mit einhergehender Verminderung der 
Mikroorganismenzahl deutet er schon als eine im sauren Milieu erfolgende 
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Aktivierung des proteolytischen Mitteldarmfermentes und dessen auflésende 
Wirkung auf die Darmflora. Das inzwischen fiir Lamellicornier-Proteasen auf- 
gefundene Wirkungsoptimum (SCHLOTTKE, 1945; WiLpBoLz, 1954; und eigenes 
Ergebnis) macht diese Deutung Wiedemanns unwahrscheinlich. Dass aber die 
Darmsymbionten mancher Insektenarten tatsichlich eine Eiweiss- und Vitamin- 
quelle darstellen, konnte GorTscu (1936) durch das Einbringen von Darmteilchen 


‘TABELLE 6—DIE ERNAHRUNGSPHYSIOLOGISCHE STELLUNG VON SCARABAEIDENLARVEN 
UNTER DEN XYLOPHAGEN COLEOPTEREN 


Kohlenhydratverdauende Fermente 
Famili ; 
Fremd- 


> Ss t 
geliefert ubstrat 


K6érpereigen 


Buprestidae Amylase Borke und Ripper (1930) 
Cerambycidae Cellulase Splint von MANSOUR und 
1nobtidae Hemicellulas« Laub-und MANsSouR-BEK 
Nadelholz (1934) 
PARKIN (1940) 
SCHLOTTKE (1945) 


Scarabaeidae Amylase Cellulase l nterirdische WERNER ( 1925) 
(Lamellicornier) Hemi- Pflanzenteile WIEDEMANN (1930) 
cellulase morsches, SCHLOTTKE (1945) 
verrottetes WILpBoLz (1954) 
Holz (Mulm) ROssLer (1955) 


Aus der Familic Frisches SCHLOTTKE (1945) 
der Cerambycidae| Amylase stark Pappelholz 
Saperda populnea| Cellulase u. (Bast) 

Hemicellulase 


sehr schwach 


Lyctidae Amylase Stirkereiche MANSOUR und 

Bostrychidae Rindenbast- Mansour-Bek 
schicht von (1934) 
Laubhdélzern PARKIN (1940) 


in Bakterienkulturen und deren teilweise Auflésung beweisen. Eigene Versuche 
unter Einwirkung von Fermentextrakten auf Kulturen der Darmbakterien 
ausgefiihrt, bestitigten dies auch fiir Oryctes. Einen Einblick tiber den Ort der 
Eiweissverdauung erhielten wir erst, indem wir die Nahrungspassage réntgeno- 
logisch verfolgten. Wahrend bei den vorher erwahnten xylophagen Arten der 
Hauptanteil der Kohlenhydratverdauung unter Sekretion von Cellulasen, Hemi- 
cellulasen, und Amylase dem vorderen Mitteldarm zukommt, sind die nicht iiber 
Cellulase und Hemicellulase verfiigenden, im toten Holz fressenden Lamelli- 
cornierarten, deren Nahrung ausserdem kaum Stirke erhalt, auf den Aufschluss 
von Cellulose und Pentosanen im Saccus angewiesen. Dann erst kénnen die 
Mikroorganismen selber der Auflésung verfallen. Die fiir den Vorder-und 
Mitteldarm gefundene durchschnittliche Passagegeschwindigkeit von 8-16 Std. 
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stimmt mit den Angaben von SrmMROTH (1878), WERNER (1926), WrEDEMANN (1930), 
und WILDBOLz (1954) iiberein. Die Zeit bis zur vollstandigen Saccusfiillung gibt 
letzterer mit 96 Std. an. Zu diesem Zeitpunkt wurde von ihm die letzte Sektion 
vorgenommen. Ein Riicktransport setzt aber, wie wir zeigen konnten, darnach ein. 
Es bleibt also auch hier bei der iiblichen Aufeinanderfolge von Kohlenhydrat- und 
Eiweissverdauung. Allerdings liegen die Verdaungsorte in zwei deutlich getrennten 
Darmabschnitten, und dies stellt somit eine Besonderheit der Oryctes Larven dar. 

Durch Atmungsmessungen konnten wir den Respiratorischen Quotienten 
ermitteln. Er liegt fiir Melolontha melolontha L. bei 0,68 und fiir Oryctes nasicornis 
L. bei 0,65 und zeigt eine Zehrung von Fett an. Die Larven sind durch eine 
relativ gute Ausniitzung der Kohlenhydratnahrung in der Lage, umfangreiche 
Fettdepots aufzubauen, die durch Veratmung die Energie fiir den Arbeits- und 
Baustoftwechsel liefern. Da bisher unseres Wissens keine Atmungsmessungen 
an Kaferlarven durchgefiihrt worden sind, fehlen uns Vergleichsméglichkeiten. 
Vergleicht man aber die Stoffwechselintensitat an Hand der Kohlendioxyd- 
produktion mit den von ZeBeE (1954) untersuchten Lepidopterenarten (Derlephila 
euphorbia, verschiedene Vanessaarten u.a.) so bleibt die CO,-Produktion der von 
uns untersuchten Kaferarten mit 0,050 ml CO,/1 Gramm Gewicht/60 Min. fiir 
Melolontha und 0,31 ml CO,/1 Gramm Gewicht/60 Min. fiir Oryctes unter 
der der Schmetterlinge im Ruhezustand zuriick (0,31-0,84 ml CO,/1 Gramm 
60 Min.). 


V. ZUSAMMENFASSUNG 


1. Es wurden die H-lonenkonzentration und das Pufferungsvermégen im 
Darm der Nashornkaferlarve gemessen. 

Dabei wurde fiir den Vorderdarm ein pH-Wert von 8,5, den Saccus von 7,3 
bis 8,0, und fiir den Kot ein Wert von 6,7 gemessen. Das Pufferungsvermégen 
des Mitteldarms ist grésser als das des Saccus. Beim Eintritt in den sauren Bereich 
erfolgt eine Zunahme der Pufferkapazitat. 

2. Der Mitteldarm der Oryctes Larve enthalt eine Amylase und eine Protease, 
deren Wirkungsoptimum im Bereich des natiirlichen Darm-pH-Wertes liegt. 
Kérpereigene Cellulase und Hemicellulase ist nicht vorhanden 

3. Der Gehalt der Engerlinghamolymphe an Glucose liegt bei 0,123 

4. In Omeliansky-Kulturen mit Filterpapier als Cellulosemedium trat nach 
Beimpfen mit Darmbakterien ein Celluloseabbau und eine Senkung des pH-Wertes 
ein 

5. Von der im Holz vorliegenden nativen Cellulose werden 68°,,, von den 
Pentosanen dagegen nur 23°%, von der Oryctes Larve tatsachlich ausgenutzt 

6. Der Mikroorganismengehalt der verschieden Darmabschnitte und damit 
der Eiweissgehalt ist verschieden gross. Im Saccus ist gegeniiber dem verfiitterten 


Sagemehl eine 10-fache Stickstoffanreicherung eingetreten 


7. Das proteolytische Mitteldarmferment tibt im Bereich seines Wirkungs- 


optimums eine auflésende Wirkung auf Darmbakterien aus 
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8. Um die Mikroorganismen unter den Einfluss der Protease zu bringen, 
erfolgt vom Saccus her 4’Tage nach Nahrungsaufnahme ein Nahrungsriicktransport 
in den Mitteldarm 

9. Das Verdauungsgeschehen ist somit unterteilt in die ‘Bakterielle Vorver- 
dauung’ mit einhergehender Eiweissanreicherung und in die ‘proteolytische 
Hauptverdauung’ 

10. Der respiratorische Quotient bei Oryctes Larven betragt fiir den Grundum- 
satz 0,64. Der RQ des Normalstoffwechsels liegt fiir Oryctes nasicornis bei 0,65, 
fiir M. melolontha bei 0,68. Dies zeigt eine dauernde Ausnutzung von Fett an. 

11. Die Intensitait des Stoffwechsels der Lamellicornierlarven ist sehr gering. 
Als Mass diente die Cf ),-Produktion. 


Inerkennungen—Die Anregung zu den beiden ersten Fragen verdanken wir Herrn 
Prof. Dr. von BuppENBROCK, der das Thema in seiner urspriinglichen Form als Nach- 
priifung und Vervollstandigung der von WIEDEMANN (1930) durchgefiihrten Arbeit (s.o.) 
vorschlug. Die Weiterfiihrung lag bei Herrn Prof. Dr. Mistin. Beiden Herren méchten 
wir fiir ihr stetes Interesse am Fortgang und Gelingen der Arbeit herzlichst danken 
Besonderen Dank schulden wir Herrn Prof. Misirn fiir die vielfaltigen Anregungen zur 
Abrundung der begonnenen Untersuchungen und die entgegenkommende Bereitstellung 
eines Arbe itsplatze 5 

Auch den Herren Prof DEI Direktor des Instituts fiir Botanik, Garungs- 
physiologie und Hefereinzucht an « hess. Lehr- und Forschungsanstalt fiir Wein-, 
Obst-, und Gartenbau in Geisenheim, Prof. Dr. M. HerrMaAnn, Direktor der Universitits- 
klinik fiir Zahn-, Mund-, und Kieferkrankheiten und Prof. Dr. V. Scuuxiz, Direktor des 
physikal.chemischen Instituts der Universitat Mainz sind wir zu grossem Dank verpflichtet 
Durch ihr freundliches Entgegenkommen konnten wir die mikrobiologischen und réntgeno- 
logischen Untersuchungen bzw. die kalorimetrischen Messungen durchfihren 

Die Larven von Melolontha melolontha L. waren uns dankenswerterweise von Herrn 
Priv. Doz. Dr. W. MApEL aus Ingelheim, dem wir auch fiir die Ubernahme des Coreferates 
danken, zur Verfiigung gestellt worden 

Die Aufnahme eines Zwischenergebnisses in den II1.Band Erndhrung, Wasserhaushalt 
und Mineralhaushalt der Tiere des Lehrbuchs Vergleichende Physiologie von Prof. W. Von 
BUDDENBROCK, berichtigen wir dahingehend, dass die Rolle der Hexosane und Pentosane 
Vo! uns Uberschitzt worden war Nach Abschluss der vorliegenden Arbeit kénnen wir 
quantitativ ermittelte Werte iiber die Ausnutzung der Holzbestandteile veréffentlichen, die 


eine untergeordnete Bedeutung der oben erwahnten Zucker erkennen lassen 
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TOLERANCE TO DEHYDRATION OF THE BLOOD OF 
SIALIS LUTARIA L. 


Lx partment 


Abstract 


tanned 


INTRODUCTION 


Ir is known that the larva of the Chironomid, Polypedilum vanderplanki Hint., will 
complete its metamorphosis after it has been dried to a moisture content of 15 per 
cent or less for several years (HinTON, 1953). Hinton found that the larvae of 
Polypedilum vanderplanki grew normally after being dried and then exposed to 
temperatures of 102—104°C for 1 min, or placed in liquid helium (— 270°C) for 
5 min (HINTON, 1960a, b). ‘Thus in the dry state this species tolerates a range of 
372°C. Many insects that do not survive an appreciable fall in moisture content 
nevertheless possess tissues that seem to be able to tolerats complete dehydration 
For instance, in the Tipulid fly, Taphrophila vitripennis Meig., tissue isolated in 
the spiracular gills at the pupal—adult moult is able to produce tanned wound 
plugs after prolonged periods of dehydration (Hinton, 1957). The formation 
of tanned wound plugs has been considered to be evidence that the tissue was 
alive after dehydration, but, as HINTON (1960b) points out, evidence of this kind 
that the tissue is alive is open to objection: it may, for instance, be claimed that 
the tissue did not survive dehydration and that Jamage to it after re-hydration 
simply destroyed a barrier between enzyme and substrate that enabled the tyrosin- 
ase reaction to proceed. In this paper the behaviour of the blood cells of Sialis 
lutaria before and after dehydration is described. The fact that blood cells clot and 
form pseudopodia after re-hydration as they do before dehydration is considered 


to be evidence that they are not killed by prolonged and more or less complete 


dehydration. 


METHODS AND OBSERVATIONS 
Early instar Szalis larvae were dried to see if they survived. Using whole larvae, 
the rates of drying of different parts of the body varied greatly. ‘This resulted in 
partial cytolysis of some tissues when others were completely dry, causing poisoning 


of all the tissues. ‘To obtain even drying, only abdomens were used 
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The abdomens were ligatured, cut off, and placed on glass slides in a small 
chamber connected through a solid carbon dioxide water trap to a phosphorus 
pentoxide water trap. The whole system was evacuated by a two-stage ‘High Vac’ 
oil pump to a pressure of <6cmHg. After dehydration the abdomens were 
stored over phosphorus pentoxide for long periods. 

After storing for 17 months the gills could form tanned wound plugs when 
hydrated. The tanned plugs did not disperse in cold concentrated nitric acid or 
hydrochloric acid. They withstood hot concentrated nitric acid for more than 
5 min. If the plugs were of sclerotin, the presence of a tyrosinase inhibitor should 
have prevented darkening. A solution of 0-5 M phenylthiourea in 1% ethyl 
alcohol completely inhibited the formation of tanned plugs. ‘Two gill tips were 
cut off and placed in 1°, ethyl alcohol without phenylthiourea in order to check 
the toxicity of the alcohol. ‘Tanned plugs were formed. Therefore the wound 


plugs were of tanned protein or sclerotin. Serial sections showed the wound 


plugs to be composed mainly of clotted blood cells. Dried abdomens heated to 
90°C for 2 hr or to 100°C for 30 min before hydration formed tanned wound plugs. 
The present results agree closely with those of HINTON (1957) on Taphrophila. 

Immediately after hydration the blood cells were visible within the lumen of 
the gills. As hydration progressed the blood cells became increasingly easy to see 
and the different cell types could be identified. Nine minutes after hydration, the 
blood cells were no longer translucent but slightly opaque. After 80 min, the 
hyaline blood cells were tanned a light brown. At this stage many of the coagulo- 
cytes were attached to the central trachea. 

In gills wounded immediately after hydration, the hyaline haemocytes formed a 
tanned wound plug. The epidermal cells at the edge of the wound also tanned. 
Their nuclei became a much darker brown than the cytoplasm. Gills which had 
not been dehydrated also were wounded and sectioned. A similar picture was 
obtained. Tanned plugs seldom formed if the dried gills were cut later than an 
hour after the start of hydration. 

The tips were removed from ligatured and dried gills, placed in adrop of air-free 
saline solution, and surrounded by liquid paraffin. A cover glass was placed on 
top, and the gills were observed with a phase-contrast microscope. Immediately 
after hydration the cover glass was pressed to squeeze out the contents of the 
gills. Granular haemocytes and coagulocytes were obtained, and almost invariably 
the latter had begun to clot. The coagulocytes immediately attached themselves 
to the glass surface by their pseudopodia. Granules were seen to pass out along 
long filamentous processes. On one occasion a single elongated, highly-refractile 
hyaline haemocyte was squeezed out of a gill under pressure. ‘The cell was in- 
distinguishable from a normal coagulocyte before clotting. While the haemocyte 
was floating freely, its cytoplasm spread out. Vacuoles formed and emptied into 
the saline solution. There was a violent movement in the refractile centre of the 
cell around the nucleus, followed by a spinning movement within the central 
cytoplasm. ‘Then the refractivity faded disclosing a typically clotted nucleus. 
This is the normal series of changes observed in a cell during clotting. 
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When no pressure was applied to the gill, a wound plug was formed. If this 
was pulled away immediately after formation, many fine cytoplasmic strands wer« 
formed, comparable to those formed when a cover glass was moved over a clotting 
blood film. If the clot was pulled away at a stage when tanning had begun there 
were no strands. This is further evidence that the wound plugs are formed by the 


clotting of living hyaline haemocytes which have survived dehydration 


DISCUSSION 
It has been shown that the gills of the larva of Sialis lutaria can be dried 
that after many months of storage in a desiccator they can be re-hydrated and 


blood cells will still form a clot and thus produce a tanned wound plug 


process of dehydration followed by re-hydration seems to initiate the clotting 


behaviour of the coagulocyte blood cells. The dehydrated cells apparently retair 
their morphological structure and physiological capabilities, i.e. they ar 
(hus for a limited time after hydration the blood cells behave as normal 


when forming a clot 
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Abstract—The material i chistocer rregaria haemolympt! 
glucose on acidic hydrolysis hown to be trehalose, of which : 


was isolated. Glucose and trehalose were also shown to be presen 


of the larvae of the large cabbage white, Pierts brassicae In the 
mall amount of material is present which behaves on assay as glyce although it 


does not appear to be true glycogen. It is shown that amino acids mal significant 


contribution to the non-fermentable reducing power of t 1aemolyr measured 
by the Hagedorn—Jensen method, and that 


that contribution 


INTRODUCTION 


IN 1937, Kuwana found that the reducing power of the haemolymph of the silk- 
worm, Bombyx mort, fluctuated in a regular manner during development and 
reached a high value towards the end of each larval stadium. Since then, several 
workers have recorded high values for reducing power in the haemolymph of a 
variety of insect species, and indeed, FLORKIN (1949) in a survey of the comparative 
biochemistry of animals has come to the conclusion that the biochemical phenomena 
characteristic of insects include a high concentration of both non-fermentable 
reducing material and of amino acids in the haemolymph 

In a previous paper (HowpeEN and KiILBy, 1960) the variation of the level of 
various types of reducing material (or its precursor) in the haemolymph was 
followed during development of the desert locust, Schistocerca gregaria, which is 
a heterometabolous insect in contrast to the holometabolous one studied by 
Kuwana (1937). The fraction of the reducing material in the haemolymph which 
was fermentable by yeast was referred to in our paper as ‘true blood sugar’ in 
distinction to that fraction which was non-fermentable. It was found that the 
reducing power of the haemolymph was greatly increased by acid hydrolysis (as 
KuwANA had previously found with Bombyx) and, for convenience, the non- 
reducing material which gave rise to reducing sugars on hydrolysis was designated 
‘polysaccharide’. ‘The present paper describes experiments towards the identifi- 
cation of some of these reducing materials and of the so-called ‘polysaccharide’. 

The assumption could not be made that ‘true blood sugar’ in locust haemo- 


lymph was necessarily glucose, although this is usually the case with insect blood, 
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as LEVENBOOK (1950) had found that the true blood sugar of the larva of the 
horse-bot fly, Gastrophilus intestinalis, was fructose. YEAGER and MUNSON (1941) 
demonstrated that during the larval growth of the southern armyworm, Prodenia 
eridania, there was a large accumulation of glycogen in the haemocytes, which 
disappeared at the end of the pre-pupal stage, and since the quantitative variation 
with age was similar to that which we had found for ‘polysaccharide’ in locust 


haemolymph, it appeared possible that we might also have been measuring glycogen 
levels. ‘The results to be presented show that this was not the case. 

Paper chromatography of locust haemolymph, made in order to determine 
the nature of the true blood sugar, revealed that the major part of the sugar 
present was in a spot which did not correspond to either glucose or fructose 


although a small glucose spot was present. About this time Wyatt and Kar (1956) 
reported the discovery of large amounts of the non-reducing disaccharide trehalose 
in the haemolymph of the larvae and pupae of several lepidopterous insects. 
Experiments described below showed that this compound is likewise the pre- 
dominating carbohydrate of locust haemolymph, a crystalline specimen being 
isolated, and it was established that trehalose accounts for virtually all the material 
which we had designated ‘polysaccharide’. A preliminary account of the detection 
and isolation of trehalose in locust haemolymph has been made earlier (HOWDEN 
and Kiisy, 1956). 

Although FLoRKIN (1949) had concluded that the high concentration of non- 
fermentable reducing materials was a biochemical characteristic of insects, and 
its variation with age had been known since KUWANA measured it in 1937, there 
appears in the literature scant reference as to the nature of these materials. The 
experiments reported in the third section of this paper were, therefore, carried 
out in an attempt to answer this question. 


MATERIALS AND METHODS 
1. Insects 


*‘Prefemale’ larvae (late fifth instar) of the desert locust, Schistocerca gregaria Forskal, 
and larvae of the large cabbage white, Pieris brassicae L., were used. The locusts were 
reared as described previously (HOWDEN and KILBy, 1960) 


2. Extraction and deproteinization of haemolymph 


This was extracted from locusts by inserting the tip of a piece of drawn-out glass tubing 
into the intersegmental membrane between the first and second abdominal sternites. ‘The 
Pieris caterpillars were bent into a U-shape with the dorsal surface inside and one of the 
prolegs cut off, when haemolymph dripped out. The haemolymph was collected into a 
weighed tube containing chilled water (1 ml) and deproteinized either with tungstic acid 
(as described in the previous paper, and thus allowing direct comparison with previous 
results) or by adding ethanol to a final concentration of 80%, the precipitate being washed 
after centrifugation with 80°, ethanol. When chromatograms were to be run, the use of 
the alchool method was to be preferred to avoid ‘tailing’ of spots due to inorganic ions 
and the supernatant solution and the washings were combined and evaporated to a gummy 
residue, either under reduced pressure at a temperature below 50°C or by leaving over- 
night in a desiccator. The residues were then taken up in water to a volume of 0:5 ml 
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3. Chromatography 

(a) Carbohydrates. Descending paper chromatography was carried out on Whatman 
No. 4 paper, the lower edge being serrated to allow continuous development. Three 
solvents were used : (1) n-butanol : acetic acid : water, 4: 1: 1 v/v ; (2) n-butanol : acetic 
acid : water, 4: 1:5 v/v. In the latter case, the chromatogram was run in the organic 
phase while the aqueous one was placed in a beaker at the bottom of the tank ; (3) n- 
butanol : pyridine : water, 30 : 20:1 v. This last gave fast-running chromatograms 
with good resolution. Monosaccharides were detected by an aniline phthalate spray 
(CRAMER, 1954). Its sensitivity was found to be considerably increased by viewing the 
sprayed chromatogram under a Wood’s blue light, when yellow fluorescent spots were 
produced by less than 5 ug glucose. The ammoniacal silver nitrate method (TREVELYAN 
et al., 1950) was also used, particularly for disaccharides, when less than 20 yg could be 
detected 

(b) Amino acids. ‘Two-dimensional descending chromatograms were run with the 
following pairs of solvents: (A) solvent (1) above in the first direction and phenol saturated 
with an aqueous solution containing sodium citrate (6°3°%) and sodium phosphate (3-7%) 
in the second direction ; (B) solvent (2) above in the first direction and pyridine : water, 
63 : 35 v/v, in the second direction. Marker solutions were applied before running in 
the second direction. Amino acids were detected by a ninhydrin spray (0-1 in 90° 
aq. n-butanol) and heating the paper at 45°C until the spots appeared and then for a 


further 30 min 


4. Measurement of reducing power 


The Hagedorn—Jensen method was used under the conditions previously described 
(HOWDEN and Ki sy, 1960). The results are expressed as the glucose equivalent in mg 
per 100 g haemolymph. The total reducing power (T.R.P.) is the value obtained after 
heating the solution with ferricyanide in the usual manner, while ‘cold reducing power 
is a measurement of only those compounds which, unlike glucose, will reduce ferricyanide 


without heating 


EXPERIMENTAL AND RESULTS 

The ‘apparent glycogen’ in locust haemolymph 

\ known weight of locust haemolymph was deproteinized by tungstic acid 
and one portion of the solution used for the determination of ‘polysaccharide’ as 
described in our previous paper, i.e. measurement was made of the increase in 
reducing power which occurs on acid hydrolysis. On the other portion an assay 
for glycogen was carried out using the modified Pfluger’s method described by 
CONSOLAZIOL ef al. (1951). In essence, this depends upon the destruction of 
non-glycogen material by alkaline hydrolysis (heating with 20°, KOH for 30 min 
at 15 lb/in* was used), separation of glycogen after its precipitation with ethanol, 
hydrolysis by hot acid, and assay of the glucose produced. Two pooled samples 
of haemolymph were used from fifth instar larvae of slightly different average 


age (measured from the time of the fourth moult) with the following results 


> 


Expt. 1 Expt 
ve aye 158 hr \ age 144 hr 


Polysaccharide’ found 1420 1140 
e* _ 


‘Apparent glycogen’ ny. 35 
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he figures represent the amounts of the material in mg/100 g haemolymph, 


and expressed in terms of the equivalent amount of glucose. As a check that 


incomplete hydrolysis was not contributing to the surprisingly low value found 
for glycogen, some of the hydrolysate from Expt. 1 was reheated for a further 30 min 
at 15 lb/in? with 1-0 N HCl instead of 0-55 N HCI as in the first hydrolysis. ‘The 


amount of glycogen found (50 mg/100 g) was unchanged within experimental 


. pi 


error. ‘hus only 3-4 per cent of the polysaccharide behaves as glycogen, i.e. is 
resistant to alkaline hydrolysis but readily split by acid to give reducing material 
and is soluble in water but precipitated by 50°%, ethanol. However, the addition 
of a few drops of Lugol’s iodine solution to a 0-2 


‘glycogen’ produced a yellow colour quite unlike the reddish-brown colour given 


5 per cent solution of this 


with a solution of authentic glycogen. ‘The latter showed a strong absorption 
at 400 mu which was lacking in the haemolymph ‘glycogen’-iodine solution 
Some of the insect material was hydrolysed by acid, de-ionized with mixed 
Amberlite resins and paper chromatograms run. No carbohydrate was detected 


with either spray 
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Carbohydrates in the haemolymph 


(a) Monosaccharides. Chromatograms were run in solvents (2) and (3) with 


known monosaccharides as marker spots in parallel. A small amount of glucoss 
was detected by aniline phthalate spray, but no other reducing monosaccharid 


' 


\ naphthoresorcinol spray whicl 
was capable ot detecting 5 ug tructose gave negative 


could be found with this or other spray reagents 


results tor ketoses 
(b) Trehalose. Haemolymph, deproteinized with t 


tungstat« was heated vit 
sulphuric acid (0-67 N, 30 min at 15 lb/in*) to hydrolyse oligosaccharides, th 


resulting solution being neutralized or treated with ion exchange resins. and 


chromatograms run. Fig. 1 shows the result after ammoniacal silver nitrate spray 
It is seen that the amount of glucos¢ present is greatly increased by hydrolysis 
and that this is the only monosaccharide produced. The spot corresponding i 
position with trehalose is much reduced in intensity after acid treatment 
he material provisionally described as trehalose was found on all chromato- 
grams of haemolymph and showed the same R, values as authentic trehalose when 


run in both solvents (2) and (3) (R, relative to glucose 0-60 and 0-40 respectively) 
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It gave no colour when sprayed with aniline phthalate, but could be detected by 
the ammoniacal silver nitrate method, in which some conversion of non-reducing 
disaccharide to monosaccharide occurs. A chromatogram was run with replicate 
drops of haemolymph with trehalose markers at either side, the area containing 
the suspected trehalose cut out and eluted, and the eluate hydrolysed with acid. 
On chromatography, glucose was the only carbohydrate detectable. The final 
confirmation of the identity of this non-reducing carbohydrate, composed only 
of glucose residues, was obtained by the isolation of a crystalline sample of tre- 
halose from haemolymph. 1 g of haemolymph was deproteinized by the addition 
of tungstic acid, and de-ionized with 5 g of mixed Amberlite resins (1R-120(H) 
and IR-4B(OH) ) which were found not to absorb carbohydrates. ‘The removal of 
inorganic ions as completely as possible was found to be desirable in order to 
obtain crystalline trehalose at a later stage. The solution was evaporated under 
reduced pressure and below 50°C to a syrupy residue (0-2 ml). ‘This was treated 
with 0-1 ml water and 0-4 ml ethanol, seeded with a minute crystal of trehalose 
and left to stand. Crystals separated of similar crystalline form to authentic 
trehalose. Melting-point determinations were made on these and on authentic 
crystals of trehalose, and on a mixture of equal amounts of each. 


D—trehalose dihydrate—authentic m.p. 97-0—97-2°C 
Trehalose—specimen—m.p. 96-9-97-2°C 
Mixed m.p.—96-9-97-4°C 


Other reducing spots. Chromatograms of protein-free haemolymph showed, 
after development with the ammoniacal silver nitrate reagent, a fairly strong spot 
running just behind trehalose (Fig. 2) in both solvents (2) and (3) in which it 
showed R, values relative to glucose of 0-53 and 0-22 respectively. ‘The material 
responsible has not been identified. Other faint reducing spots are visible on 
freshly developed chromatograms, but are not easily seen on a photograph; these 


trace constituents have not been identified, but could only account for a very small 
part of the reducing power of the haemolymph. 


Pieris brassicae. Chromatograms of haemolymph from late fifth instar Pieris 
brassicae larvae revealed large amounts of trehalose and a little glucose, together 
with the same unknown spots (and of similar intensity) as those seen on locust 
haemolymph chromatograms. 


The nature of the non-fermentable reducing material in locust haemolymph 


The only phenolic material present in a sufficient amount on the chromato- 
grams for detection by a diazotized sulphanilic acid spray reagent was tyrosine, 
which was identified by having the same R, values in two solvents as authentic 
material. Various other sprays for phenolic material failed to reveal any reacting 
compounds. ‘Trace amounts only of purines and sugar phosphates were detected 
by appropriate developing sprays. 

Ninhydrin revealed the presence on the chromatograms of the following 
amino acids: 
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Alanine, glutamine, glutamic acid, glycine, histidine, leucine (and/or isoleucine), 
proline, serine, threonine, tyrosine, and valine. One other large and several smaller 
ninhydrin reacting spots were present, but have not yet been identified. 

It was found that the total reducing power values of 284 and 260 mg glucose 
per 100 g for two batches of haemolymph were only reduced to 264 and 244 mg 
glucose per 100 g respectively after extraction of the solution twice with ether. 
The bulk of the reducing material was, therefore, not readily extracted by ether 
and is presumably polar in nature 

Aliquots from four different batches of diluted protein-free haemolymph were 
shaken for 30 min with equal volumes of Amberlite IR-120(H) and Amberlite 
IR-4B(OH) and in one case with equal amounts of both resins. Since it has been 
shown that these resins do not absorb glucose, the substances absorbed by them 


represent only non-fermentable reducing materials. Values for the non-fermentable 


reducing material of these four batches of haemolymph have been obtained by 
calculation, using the known average ages of the batches and their T.R.P. from 
figures given by Howpen and Kivsy (1960). The results are given in Table 1. 


TABLE 1 ABSORPTION OF REDUCING MATERIAL BY RESINS 


Expt. I | Expt. II | Expt. II] | Expt. IV 


r.R.P. (mg/100 g) 260 284 
Non-fermentable reducing power (calculated) 

(mg/100 g) f 184 
True blood sugar (mg/100 g) 100 
Reducing power absorbed by IR-120(H) 7 58 183 
Percentage of non-fermentable value 88 ) (99°) 
Reducing power absorbed by IR-4B(OH) 150 
Percentage of non-fermentable value (82 
Reducing power absorbed by both resins 
Percentage of non-fermentable value 


The cation removing resin thus absorbed approximately 88-99 per cent and the 
anion removing resin 52-82 per cent of the non-fermentable reducing material 
\ mixture of both resins removed 97 per cent of this material. About 86 per cent 
of the material absorbed on the IR-4B(OQH) could be recovered by shaking the 
resin with an equal volume of 0-1 N NaOH, but only 22-32 per cent of that on the 
[R-120(H) was removed by 0-1 N HCl. The cation removing resin IR-120(H) 
thus absorbed nearly all the non-fermentable reducing material whilst the anion 
removing resin I[R-4B(OH) removed slightly less. IR-120(H) was found to remove 
at the same time all the compounds which reacted with ninhydrin and to reduce the 
intensity of reduction of ammoniacal silver nitrate. I[R-4B(QH) was somewhat 
less effective. 

These results suggested that amino acids might be responsible for a part of 
the non-fermentable reducing values, and measurements of reducing power were, 
therefore, made on some amino acids. Suitable aliquots of 0-01 M solutions in 
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aqueous isopropanol of twenty-two amino acids or related compounds were 


assayed for reducing power under the same conditions as those used with haemo- 


lymph. ‘The results are shown in ‘Table 2. 


TABLE 2—REDUCING VALUE OF AMINO ACIDS WHEN ASSAYED BY HAGEDORN-—JENSEN METHOD 


Amino acid or related Reducing power 
compound (mg glucose per mg 
amino acid) 


v- Alanine Not detectable 
Cysteic acid Not detectable 
Ethanolamine Not detectable 
Glutamic acid Not detectable 
Glutamine Not detectable 
Threonine Not detectable 
~erine 0-006 
Valine 0-006 
‘Taurine 0-007 
x-Amino n-butyric act 0-010 
Arginine 0-013 
Citrulline 0-016 
Aspartic acid 0-019 
Histamine di HCl 0-054 
3-Alanine 0-055 
Histidine di HC] 0-066 
Glycine ()-067 
Hydroxyproline 0-198 
Methionine 0-314 


Proline 0-372 


Cystine ()-672 
‘Tryptophane 1-200 
‘Tyrosine 1-310 


lhe cold reducing values for the last five amino acids were also determined 
proline, 0-000; methionine, 0-342; cystine, 0-008; tryptophane, 0-422; tyrosine, 
0-350 mg glucose per mg amino acid. ‘The interesting fact emerges that tyrosine 
and proline, two amino acids which have been shown to be present in haemolymph, 
both possess relatively high reducing values. 

‘Tyrosine was estimated in haemolymph from fifth instar larvae just before 
the final moult, using the nitrosonaphthol method of Udenfriend as described by 
CoLowick and KAPLAN (1955), and a value of 109 mg/100 g haemolymph was 
found. Using the factor of 1-31 determined above (‘Table 2), this amount of 
tyrosine would have a reducing power of 140 mg glucose per 100 g haemolymph 
The 'T.R.P. of the haemolymph was 456 mg glucose per 100 g and the non- 
fermentable reducing power around 300 mg/100g. ‘Thus the tyrosine accounts for 
almost half of the non-fermentable reducing material. It would also account for 
38 mg/100 g of the cold value, or about 35 per cent. 

Uric acid was estimated colorimetrically (phosphotungstate method) on three 
batches of pooled haemolymph from fifth instar Schistocerca larvae. Values of 
31-0, 29-9, and 26-6 mg uric acid per 100 ml were found. 
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DISCUSSION 

Ihe discovery of trehalose in the blood of seven insect species (representing 
five orders) by Wyatt and Ka.r (1956) was soon followed by reports of its occur- 
rence in other insects. FAIRBAIRN (1958) in a survey of the constituents of seventy- 
one animal species representing the major invertebrate groups, found that glucose 
and trehalose were both very widely distributed among invertebrates, although 
only in insects and certain nematodes was trehalose present in greater concen- 
tration than glucose. ‘The recognition of trehalose has usually been based upon 
chromatographic evidence and the production of reducing material or glucose by 
acidic hydrolysis. ‘The isolation of the pure sugar by Wyatt and Kar (1957) in 
crystalline form from Telea polyphemus and by ourselves from Schistocerca gregaria 
would appear to leave no doubt as to the authenticity of trehalose in insects, and 
this non-reducing disaccharide must now be accepted as an important and possibly 
universal constituent of insect haemolymph. Its role appears to be that of an 
energy and carbohydrate reserve, since vigorous muscular exercise leads to its 
utilization; for instance, 90 min flight by the blowfly Phormia has been shown by 
Evans and Dernier (1957) to cause a 50 per cent fall in the blood trehalose level 

Chere has been a considerable amount of work on the distribution of glycogen 
in insects since its presence there was first demonstrated in 1879 by CLaupb! 
BERNARD, and reviews of the literature have been made by BaBers (1941) and by 
YEAGER and Munson (1941) Ihe presence ot glycogen has been demonstrated 
histologically in various types of insect tissue cells, including those of the blood 


and fat body, but the occurrence of true glycogen as a normal constituent of the 


plasma itself is still an open question, although it may be released into pupal 
blood late in histological breakdown, as RONZONI and BisHop (1929) showed when 
working with bee pupae. LEvENBOOK (1950) in a study of the haemolymph of 
Gastrophilus larvae found that it contained 10-20 mg/100 ml of a material (calcu- 
lated as glucose) which resembled glycogen in that it was stable to alkaline 


hydrolysis and gave reducing material on acidic hydrolysis, but differed from 
glycogen by being scarcely soluble in hot water, and neither giving a typical 
brown colour with iodine nor yielding glucose on acidic hydrolysis (as tested by 
glucose oxidase). If larvae were used which had not been kept cold, a higher 
value was found (40-127 mg/100 ml), and this was reported to include some 
true glycogen as judged by the usual criteria. Wyatt and Kar (1957) working 
with lepidopterous larval blood found 12-55 mg/100 ml of a material which was 
alkali stable, precipitated by alcohol and was anthrone positive, and although the 
material was described as glycogen, the authors note that it is possible that the 
material so isolated may have contained anthrone-reacting substances other than 
true glycogen 

It is difficult to know what interpretation should be placed on the results of 
glycogen assay on insect blood which have been recorded. Some of the earlier 
estimations may have been at least partially invalidated by the presence of trehalos« 
before this compound was suspected, or some of the glycogen found may have 


been artificially liberated into the haemolymph from tissue cells accidentally 
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damaged during collection of the blood. Alternatively, some or all of the material 
assayed may not have been true glycogen, and our results, like those of LEVENBOOK, 
suggest that some anomalous material is present which has some properties like 
those of glycogen, but which does not yield glucose on hydrolysis. Whatever its 
nature, the material only accounts for 3-4 per cent of the ‘polysaccharide’ of the 
haemolymph, which is predominantly trehalose. 


Ether extraction indicated that the non-fermentable reducing material present 
in locust haemolymph is polar by nature. It was also shown that most of it is 
absorbed by cation removing resin I[R-120(H), whilst about two-thirds is absorbed 
equally by both resins. This suggested that this material might consist very largely 
of amino acids. Tests showed that some amino acids have an appreciable glucose 
equivalent and whilst their contribution to the non-fermentable reducing value of 
mammalian blood can be neglected, in insects it becomes very much more important 


since they have a very much higher level of amino acids in the haemolymph. 
Calculation showed that tyrosine alone could account for about half the non- 
fermentable reducing power observed in late fifth instar S. gregaria larvae. 
TREHERNE (1959) has measured the amounts of eleven amino acids in adult 
Schistocerca haemolymph, and using the factors given in Table 2, we have calculated 
the contribution these amino acids would make to their non-fermentable reducing 
power (‘Table 3—-Mean reducing values). 


TABLE 3—THE AMINO ACID CONTRIBUTION TO THE NON-FERMENTABLE REDUCING POWER OF 
LOCUST HAEMOLYMPH 


Concentration of amino acid | Mean reducing values 
(from TREHERNE, 1959) (mg/100 ml) 
(mM/l) 
Mean + S.D 


Glycine 
Alanine 

\ aline 

Leuc ine 

( + isoleucine) 
Proline 
Tyrosine 
»erine 
Threonine 


wwii 


Glutamic acid 
Histidine 
Glutamine 


— oO 


— ee Ne he RD 


> 


It appears, therefore, that in the locusts studied by TREHERNE the amino acids 
account for 96-8 mg/100 ml (mean value) of the non-fermentable reducing power 
of the haemolymph. The non-fermentable reducing power of adult Schistocerca 
haemolymph was previously found (HowpeNn and Kixsy, 1960) to be about 
400 mg/100 g immediately after the final moult decreasing to 111 mg/100 g by 
the fourth day and to 34 mg/100 g by the tenth day of adult life. Since TREHERNE 
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did not state the age of his locusts, and they were not fed on the same diet as ours 
it is not possible to calculate the percentage contribution of amino acids to the 
non-fermentable reducing power of adult locust haemolymph. Nevertheless, it 
is clear that both in the case of adult S. gregaria and late fifth instar larvae the 


amino acids do constitute a large part of the non-fermentable reducing materials 


present in the haemolymph. 
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INTRODUCTION 


CHITIN, a high molecular weight polymer of \-acetyl-p-glucosamine, is a major 
component not only of the cuticle of insects and other arthropods, but also of 
other parts of the body, such as the lining of the fore and hindgut, the peritrophi 
membrane, and the tracheae. One of the characteristics of insects and othe 
arthropods is that they are enclosed within a relatively inextensible exoskeletor 
which must be cast at intervals to permit growth l'‘o assist in shedding, and 
presumably to conserve material, the old cuticle prior to its discard is thinned by 
a moulting fluid which has long been assumed to possess chitinolytic and proteo 
lytic activity. In more recent times chitinase has, in fact, been demonstrated in 
the moulting fluid of crustacea (REYNAUD, 1949) and either in the moulting fluid 
or in extracts of cast skins of about a dozen insects (HAMAMURA and KANEHARA 
1940; HAamMAMuURA ef al., 1954; Jeuntaux, 1955a, b, 1957, 1958a; JEUNIAUX and 
AMANIEU, 1955a, b; PASSONNEAU and WILLIAMS, 1953; ZIELINSKA and LASKOWSKA 
1958). Although chitinase was detected in the moulting fluid of the giant silk 
worm Hylaphora cecropia (L.), no activity was found in the blood at any stage 
(PASSONNEAU and WILLIAMS, 1953). JeuNrAUx (1955c) has also recorded th 
absence of chitinase from extracts of the digestive tract of a carpet beetle larva 
(Anthrenus verbasci L..). More recently TRacey and Youartr (1958) have reported 
the presence of chitinase in extracts of whole termites (Nasutitermes and 
( optotermes) 

So far, little attention has been paid to the identity of the breakdown products 
produced by insect chitinase preparations, although both \-acetyl-p-glucosamin« 


and D-glucosamine have been recorded. Most chitinase studies have also suffered 
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from the disadvantage that the chitin substrates used have been variously altered 
by the methods employed in their preparation and, in some instances, that only 
a tew per cent at most of the substrate was digested Acid and alkal reatment 
and particularly solution in concentrated acid, followed by redispersal in water 
vill almost inevitably result in increased susceptibility to enzyme attack. Although 
these partially altered substrates permit more rapid assays to be performed 
confirmatory experiments with undenatured chitin are necessary. It is only u 
recent times that a method has been developed (Foster and HACKMAN 1957 
for the preparation of relatively pure native chitin,* a substrate which has 


ised in these tests. In addition to providing a more rigorous demonstratior 
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Preparation of enzyme extracts 


Whol termites or dissected cockroach it with ing tissues except 
body) were homogenized at a concentration of 200 mg tissue per mullilitre 
led 


leflon-pestle homogenizer.t The suspension was centrifuged at 11,000¢ for 


of ice cold 0-08 M acetate buffer at pH 5-0 (occasionally at pH 5-5) in a chil 


15 min and the supernatant decant d 
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Cockroach digestive juice was obtained by dissecting out the alimentary canals 
which, after weighing, were cut into short sections (2-3 mm lengths), mixed with 
a small measured volume of acetate buffer, and centrifuged at 1000 g for 10-15 min 
to express the juice which was decanted. Under these conditions there was rela- 
tively little contamination from blood or from materials from the gut epithelium. 
Cockroach blood was obtained by the centrifugation method of STERNBURG and 
CorRIGAN (1959). Saliva was obtained by withdrawing cockroaches one at a 
time from their breeding jar without anaesthetization. With a little practice it 
was possible to collect, in a small vial, the drop of saliva generally exuded during 
struggling. Skins cast at the larval-adult moult were collected daily and refriger- 
ated until sufficient had been accumulated for extraction. These cast skins were 
extracted at room temperature with distilled water in a centrifuge tube for 2 hr, 
the skins pressed down well and centrifuged at 11,000 g for 10 min. The super- 
natant was concentrated at room temperature im vacuo over phosphorus pentoxide 
to approximately one-tenth of the original volume and dialysed against 0-08 M 
acetate buffer, pH 5-0 at 3°C for 24 hr. 

Digestive juice from the snail (Helix aspersa Miiller) was obtained by dis- 
secting out the intestinal tract and collecting the fluid which flowed out of an 
incision made in the gut wall. 


Incubation 


The regular procedure was to weigh 20 mg of the finely divided chitin into 
a stoppered flask and to add, in turn, 4-0 ml acetate buffer (0-08 M, pH 5), 1-0 ml 
insect extract, and three drops of toluene. At times, all quantities were halved 
to enable small volumes of enzyme extract to be assayed. The flasks were swirled 
to mix the contents and then incubated at 35°C for 24hr. The contents were 
centrifuged at 11,000 g for 15 min and an aliquot of the supernatant taken for 
determination of N-acetylglucosamine. ‘Toluene was found to inhibit bacterial 
development even in flasks incubated for many days. 


Determination of N-acetylglucosamine* 


The volume of the appropriate aliquot from the supernatant was adjusted in 
a ground glass stoppered tube to 1-0 ml with acetate buffer. A buffer blank 
(1-0 ml acetate buffer) and a series of NAcGm standards (7-5, 15, 30, 50 yg) in 
acetate buffer (1-0 ml) were set up for each batch of determinations. After the 
addition of 0-3 ml saturated sodium borate solution, each tube was shaken, a 
glass marble placed in its mouth, and the tubes heated in a boiling water bath 
for 7 min. The tubes were then transferred rapidly to cold water, held there for 
7 min, and 8-7 ml glacial acetic acid added to each. This was followed by the 


addition of 1-0 ml freshly prepared, modified Ehrlich reagent (1-0 g p-dimethyl- 


aminobenzaldehyde dissolved in 50 ml of glacial acetic acid and 2-5 ml concen- 
trated hydrochloric acid). The tubes were stoppered, shaken, allowed to stand 


* Referred to hereafter as NAcGm. 
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at room temperature for 45 min (30 min if the temperature was above 20°C), 
and shaken again. ‘The optical density was read against the buffer blank at 540 muy. 
This procedure is close to that of Tracey (1955) which is based on that of 
Aminorr et al. (1952) and MorGan and ELson (1934). 


The insects tested 

‘Two species of insects were used as a source of chitinase: (1) mature workers 
of the termite Coptotermes lacteus (Frog.) which were maintained in laboratory 
colonies at 27°C on Eucalyptus regnans ¥.v.M. and their own mound material, 
and (2) adult Periplaneta americana (L.), maintained at 28°C on rat pellets and 
water. 


CHITINASE ACTIVITY AND FACTORS INFLUENCING IT 
The substrate 


(1) Source of chitin. A comparison was made of the rate of attack by termite 
and by snail enzyme on several chitin preparations. ‘The first test (Table 1) 
included crab chitin and chitin prepared by removal of protein from the larval 
cuticle of a longicorn beetle (Agrianome spinicollis Mcl.) either by papain or by 
hot aqueous sodium hydroxide (see HACKMAN, 1960). ‘There is no indication 
that the presence of protein in the chitin and of proteinases in the enzyme 
preparations has any influence on the digestion of chitin. However, this could 
only be resolved by the use of chitinase preparations lacking proteolytic activity 


TABLE 1—DIGESTION OF THREE CHITIN PREPARATIONS BY TERMITE AND BY SNAIL CHITINASE 


Source of enzyme Substrate (20 mg) pg NAcGm liberated 
(24 hr) 


Coptotermes lacteus | Crab chitin (EDTA) 120 
(200 mg/ flask) Beetle chitin* (papain) 58 
Beetle chitint (NaOH) 47 


Crab chitin (EDTA) 1010 
Helix aspersa Beetle chitin* (papain) 410 
Beetle chitint (NaOH) 515 


* Contains 95 per cent chitin and 5 per cent protein (HACKMAN, 1960). 
* Chitin containing only traces of amino acids (HACKMAN, 1960). 


An examination under the microscope of the substrates showed clearly that the 
two samples of beetle chitin were far less finely divided than the crab chitin. The 
smaller surface thus exposed to enzyme action undoubtedly contributed to the 
smaller digestion recorded. 

In the second test five to eight times as much NAcGm was liberated from 
reprecipitated cuttlefish chitin* as from crab chitin (‘Table 2). 


* Prepared from Sepia officinalis and kindly supplied by M. V. Tracey and G. Youatt. 2 ml 


of the suspension contained 19 mg solids 
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TABLE 2—DIGESTION OF TWO CHITIN PREPARATIONS BY C’. lacteus CHITINASI 


Weight pg Digestion 


Conc. of enzyme Substrate Conditions chitin | NAcGm (9%) 
(mg) flask 


200 mg termites | Crab chitin (ED'TA) + Enzyme 20 193 
per flask (5 ml) | Crab chitin (ED'TA) + Enzyme 250 510 
‘uttlefish chitin + Enzyme 19 S86 
uttlefish chitin Enzyme blank 
(boiled) 


67 mg termites ‘rab chitin (EDTA) + Enzyme 

per flask (5 ml) ‘rab chitin (ED'TA) + Buffer only 
‘uttlefish chitin + Enzyme 
‘uttlefish chitin + Buffer only 


(ii) Homogeneity of crab chitin substrate. With a relatively indigestible substrate 
such as chitin there is always the possibility of a small proportion of more readily 
digested, short-chain polymer being present. A sample of crab chitin was, therefore, 
exposed each day for 3 days to fresh termite chitinase prepared in the same way on 
each occasion, but not further standardized for activity. ‘The chitin remaining at 
the end of each 24 hr digestion was recovered by centrifugation and allowance 
made in calculations for the chitin digested, as indicated by the NAcGm content 
of the supernatant. ‘The percentage digested each day was 0-6, 0-9, and 1-0 per 
cent, indicating a continued and increasing degradation of the substrate over this 
period. Chitinase is adsorbed to chitin (see JEUNIAUX, 1958b) which would result 
in much of the chitinase added on the first and second days being retained by the 
chitin. This increasing enzyme concentration may account for the increasing 


dige stion obse rve d 


ABLE 3 ‘THE DIGESTIBILITY OF FRESH AND PARTIALLY ATTACKED CRAB CHITIN 


Weight ug \ AcGm 
Substrate per liberated in 24 hr 

5 ml 

(mg) Test 1 Test 2 


Crab chitin 20 583 1084 
Residue from 15 day digestion 16°9 263 469 
Residue from 17 day digestion 16°7 399 


In another test, residues were obtained from two samples of 20 mg chitin 
after exposure for 15 and 17 days respectively to cockroach gut chitinase. ‘The 
chitin residues were calculated as being not greater than 16°9 and 16:7 mg 
respectively. Equal volumes of a fresh cockroach gut chitinase preparation were 
incubated with these residues and with 20 mg fresh undigested crab chitin. The 
amount of NAcGm liberated from the fresh chitin was twice as great as from the 
partially attacked chitin (Table 3). ‘This difference may be due to greater 
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NVESTIt 


resistance to digestion on the part of the residual substrate, but must also have been 
due, in part, to the lower amount of substrate, for substrate is ‘limiting’ under these 
conditions (see later (iv) ). Should enzyme be carried over by adsorption (se« 
above) then this difference indicates an even greater resistance to digestion, becaus« 
the chitin residues would then have been incubated with a higher concentration of 
enzyme than the fresh chitin 

(111) Digestibility of soaked and unsoaked chitin. Vhe progressive increase in the 
proportion digested each day in the first of the two tests just presented could have 
been due to varying activity of the daily enzyme preparations, to progressiv« 
adsorption of chitinase on to the substrate, or to progressive swelling of the chitir 


resulting in greater susceptibility to attack 


chitu 


When crab chitin was soaked in buffer for 4 days prior to incubation it was 


digested by termite enzyme to the extent of 0-65 per cent, compared with 0-77 per 
cent for unsoaked chitin. ‘There was no indication, therefore, that soaking results 
in greater breakdown 

(iv) Substrate concentration t is clear from the substrate concentration data 


shown in Fig. 1 that, at the ncentration of termite chitinase normally used (200 
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mg termites per 5 ml), substrate is limiting at least until a concentration of 400 mg 
chitin per 5 ml is reached. A concentration of this order results in a rather 
thick and undesirable slurry (as does any concentration over 200 mg/5 ml). In 
addition, such high concentrations make very heavy demands in terms of total 
amount of substrate required for an investigation. Reduction of the concentration 
of the enzyme to one third results in values of 100 mg chitin per 5 ml or over 
falling on the flatter portion of the curve. It would appear on the basis of these 
results that enzyme activity should be such that not more than about 150 yg 
VAcGm is liberated per 5 ml, for, with activities producing greater amounts of 
VAcGm, substrate concentration is likely either to be limiting or, if not, such as to 
result in too thick a slurry. 

(v) Particle size. ‘The results of one test on the influence of particle size of the 
substrate on susceptibility to digestion are shown in ‘Table 4. Although slightly 
more NAcGm was liberated from the finest particles, it is evident that no great 
advantage is to be gained by further grinding so that the substrate all passes 
through a 300 mesh sieve. It is also clear that minor variations in the distribution 
of particle sizes of various samples withdrawn from the bulk supply introduce no 


important errors. 


laste 4—Activity or C. lacteus CHITINASE (67 mg TERMITES PER 5 ml) 
ON SAMPLES OF 20 mg CRAB CHITIN OF DIFFERING PARTICLE SIZI 


Particle size VAcGm)/ flask 


Passing 300 mesh 4 
1 


Not passing 150 mesh 
Regular mixture 3 


The enzyme extract 


(i) Stability. In order to investigate the stability of termite chitinase over the 
usual incubation period (24 hr), the amount of NAcGm liberated after 24 and 
48 hr digestion was first determined. ‘The supernatant obtained from one flask by 


‘TABLE 5— THE STABILITY OF C. lacteus CHITINASE 20 mg CHITIN, 200 mg TERMITES PER 5 ml 


Test Total ug NAcGm 
liberated 


24 hr incubation 110 
48 hr incubation 220 
‘T ranster of enzyme to 

new chitin at 24 hr 164 


centrifugation was also transferred to a fresh batch of chitin and allowed to act 
for a further 24 hr. It is clear from Table 5 that the chitinase is functioning as 


actively over 48 as over 24 hr. ‘The 50 per cent lower activity on transfer of the 
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supernatant to a second batch of fresh chitin is probably accounted for by the 
well-known adsorption of chitinase by chitin which would result in much of 
the chitinase initially added to the tube not being available for transfer with 
the supernatant 


lig. 2 shows the valu lase extending 


over a peri d of 189 dav trate had pecn 


converted into NAcGm Y t f enzyme activity falls off regular 1 


manne! 
during this period, part of this decreas t] is ng no doubt 
due to a reduction in substrate concentratiotr It is clear that at the end of this 
period the enzyme retains appreciable activity. An examination of 1 ndigested 
substrate failed to demonstrate any bacterial contamin lhe stability of the 
termite chitinase under tl on is is thi rikingly demonstrated 

Fig 3 shows the cx hitinase over 1 period 
of 17 days, at the end of which 16 pet ent o he substrate h been converted into 
NAcGm. In the first 24 hr 1500 
(7:5 per cent digestion lhe supernata m 
respectively liberated 460 and 640 ue ni when transferred to fres 
chitin he lowered activity thus indi 1 is probably due both to enzyme 
denaturation and to partial adsorption of enzyme and ot! materials onto the 
first chitin substrate hitinass tivity of a cockr h gut juice preparatior 
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23 days and to 


was reduced to 81 per cent by storage in a deep freeze container for 
It still retained 63 per cent of its activity when 


63 per cent by storage for 57 davs 


tested after 210 days 


! 


When termites were homogenized in water instead 


( onditions for ¢ vfraction 


tate or phosphate buffer at pH 5-5, a 
were subsequently incubated with 


more active extract (by about 


ither acet 
cent) was obtained when all extracts 
water extracts showed a tendency towards 


extracts were normally employed 


T ice the 


at pH 5-5. However 


Vas disadvantags ous 


cloudiness which buffer 


acteus CHI 


l‘ermite chitinase was obtained using an extract of 
Che 200 mg extract was also 


The 


(i) Enzyme concentration 
brei for each flask 


either 200 mg or 67 mg termit« 
d with buffer for comparison (‘Table 6) 


1 thir 


diluted in concentration to one thit 
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activity which was somewhat 


two dilute extracts exhibited comparabk 
higher activity is probably 


than one third of the more concentrated extract. ‘his 
ntration is less limiting for the dilute thar 


due to the fact that the substrate concet 


for the concentrated preparatior 


( onditions for tncubation 
i) pH activity curve. Digestive juice diluted with w 


Periplaneta, mixed with acetate or phosphate butters, 


electrode for pH before incubating 


after incubation showed a slight change, generally a lo 


and c he CK d 


vith 20 mg substrat 


\ 


than 0-25 pH init From | ig 
extracts, it would appear that tl 


5-4 and 6-0 





it pH 5-5 were cr mpared 
niti . iCcTIVITY I l ion oO rm nzyme WV th acetate produced 
i mucl \ AcGr 


positio! 


veronal occupying an 
Periplaneta chitinase there was no 


buffers and acetate buffer was used 
he molarity of the acetate buffer to 0-16 gave a 
umount of NAcGm formed 

found in three experiments at 35°C between 

vhich were either shaken or not shaken 


(1954) reported no difference at 37°¢ 


Since rapid and complete wetting 
enzyme extract effect idding wetting agents was 
olvoxvethylene sorbitan monooleates (‘Tween 80*, 
between 0-01 had any effect on the 


Both of these non-ionk 


OF DIGESTION 


é experiments 1 ( 1 cockroach cuticle \ is homogenized with water 
instead of bufl ), the aqueous extract concentrate d at room temperature 


in vacuo over phosphorus pentoxide to about one tenth of its original volume and 


centrifuged again at 11,000 g for 10 min. ‘The concentrated cuticle extract, cockroach 


digestive juice, blood, and saliva were dialysed against 0-08 M acetate buffer, pH 


C for 23 hr [hese preparations together with the dialysed cast skins 


extract were incubated with chitin for 6 days Aliquots « 


f the supernatant, 
obtained by centrifugation, were 


vithdrawn for chromatography, for chemical 
analysis of glucosaminet (TrRAcEY, 1955; BELCHER et al., 1954) and of NAcGm and 


for acid hydrolysis, which was followed by Gm estimation. ‘The acid hydrolysis 


was carried out in sealed glass tubes in the presence of constant boiling hydrochloric 


acid at 95°C for 4 hr. Control tubes with an amount of NAcGm equivalent to the 
expected yield of Gm wert ilarly treated. ‘The 


recovery of Gm varied from 
2 to 103 per cent depending upon the amount of NAcGm used. Aliquots from 


the acid hydrolysis failed to produce any colour if, in the Gm estimation, heating 


was carried out in the presence of alkali only (i.e. if acetylacetone was omitted) 


Interference with the determination of Gm caused by the interaction of amino 


icids and sugars is therefore negligible (see ‘TRacEY, 1955; BELCHER et al., 1954). 


However NAcGm interferes in the Gm analysis. In the method given by ‘TRACEY 


(1955) NAcGm gave about 15 per cent of the colour given by an equivalent amount 
of (sm 


in the method given by BeLcuer et al. (1954) this figure was 35 per cent. 


[ \ 
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In our hands the latter method proved to be the more satisfactory. All Gm 
estimations were corrected for interference by NAcGm 

lable 7 shows the figures obtained for NAcGm and Gm in the enzymic digest 
before and for Gm after acid hydrolysis. From the results following acid hydrolvsis. 
VAcGm can account, within the limits of accuracy of the methods used, for all 
of the products of digestion in the case of blood and cuticle brei. However, for 
digestive juice 24 per cent, cast skins 34 per cent, and saliva 33 per cent of the Gm 
is not derived from NAcGm. A small amount of this Gm was present in the 
digests before hydrolysis but most of it has presumably come from the acid 
hydrolysis of soluble (N-acetyl) glucosamine-containing polysaccharides, perhaps 


partial breakdown products of chitin 


‘TABLE 7—ANALYSIS OF PRODU' 


Results are expressed a 


Calculated 


source of products I calculated to be 
of digestion by ' cGn produced from NAcGn 
chitinase on hydrolysis) 


Test B 


Blood { 150 7 6300 
6920 


Digestive juice 60 27 2180 
4000 


Cuticle brei 
6800 


Cast skins 43 
7OR 


Saliva 128 
3260 


(1) Before acid hydrolysis; (2) After acid hy 


Examination of products of digestion by chromatography 


Isopropanol : water (80:20 v/v), pyridine : pentan-2-ol : water (1:1: 1 
prop P! I 


v/v), m-butanol : ethyl alcohol : water: ammonia (40: 10:49:1 v/v), and 
n-butanol : acetic acid : water (77 : 6 : 17 v/v) were used as solvent systems when 
the digests obtained by the use of dialysed cockroach extracts were examined by 
paper chromatography. ‘The first two solvent systems gave the best separation. 
Aniline hydrogen phthalate was used to detect the presence of aldoses. The 
hexosamine reagent of PARTRIDGE (1948) was used to detect Gm and the reagent of 
SALTON (1959) to detect NAcGm. Results are given in Table 8. Gm was present 
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in trace amounts in each of the fresh undialysed extracts except saliva, but VAcGm 
was detected only in the digestive juice and the cast skin extract. ‘These materials 
were removed by dialysis and the resultant extracts were incubated with chitin 
Large amounts of NAcGm and much smaller amounts of Gm were subsequently 
detected in each of the digestion mixtures. ‘he gut juice digest gave three spots 
close together, the furthest from the origin corresponding to the NAcGm standard 
and being clearly the major component. Visually the second spot was of the order 
of one fourth to one fifth of the first and the third was very faint. ‘These two spots 
were in the positions expected to be occupied by N’, N*-diacetylchitobiose and 
N!, N22, N3-triacetylchitotrios« 


TABLE 8——PRODUCTS OF DIGESTION OF CHITIN BY COCKROACH EXTRACTS 
AS DEMONSTRATED BY PAPER CHROMATOGRAPHY 


Extract befor lialysis or Extract dialysed* and then 
} 


incubation witl iti incubated with chitin 
Trace (on VAcGn (sm 
Trace NAcGr I n VAcGm; Gmf, two extra spots 
‘Trace Gn VAcGm; Gm 
VAcGm, possibly tr: VAcGm; Gm 
VAcGm;: Gm 


incuDatior 


} 


e interfering salts tl xtract was tr with ( ) ridin the concentrated 


t used for chromatograp! 


\ prolonged digestion of chitin with undialysed termite extract was subjected 


to chromatography with butanol : acetic acid : water and treated with the 


acetylhexosamine reagent. Only one spot appeared and this corresponded to the 
VAcGm standard 


TEST FOR DEACETYLASI 

The results in ‘Tables 7 and 8 indicated that NAcGm and Gm were products of 
digestion of chitin by all the cockroach chitinase preparations. However, when 
cockroach blood, digestive juice, and cuticle brei preparations were incubated with 
VAcGm for 5 days there was no significant change in NAcGm content. On paper 
chromatographic examination of the digests only NAcGm was detected. Incubation 
of the cockroach preparations alone did not produce any detectable Gm or NAcGm. 
hese results indicate that, under the experimental conditions used in this investi- 
gation, no deacetylation or other alteration of NAcGm occurred. ‘The deacetylation 
of acetylated primary acylamines by insect tissue has been reported (WEIDEN, 
1958) and of NAcGm by micro-organisms (ROSEMAN, 1957: VELDKAMP, 1955) 


DISCUSSION 
It is clear that the insect extracts tested were capable ot degrading a chitin 


substrate which had been exposed to such mild conditions during preparation that 
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there is good reason to believe it was relatively pure native chitin. ‘This chitin is 
far less open to the criticism of partial degradation than substrates used by previous 
workers. ‘This applies particularly to the finely divided chitin dispersion produced 
by dissolving chitin in strong acid followed by precipitation with large volumes of 
water. It is known that the chitin in these dispersions is more readily degraded 
than native chitin and it is suspected that this is not only due to its altered physical 
state. On the other hand, the disappearance of turbidity when chitinase acts on 
these disperisons is a rapid and convenient method of following ‘chitinase’ activity 
and has the advantage that there is no need to analyse for breakdown product 
the present tests, however, it was considered preferabl to a less 
substrate and to investigate these breakdown products 
preparations, NAcGm was the only major breakdown product with Gn 
present in trace amounts only In the case of the cockroach digestive 
preparation the water-soluble products of digestion were \AcGm (approximate ly 
75 per cent), two other materials which were probably N', N*-diacetylchitobiose 
and N!. N?. -triacet nitotri and a trace of glucosamine Chem: | 
analysis for VAcGm alon ould re, have given true values for blood 
cuticle brei but would, for example, have indicated considerably less degradation « 
chitin in the case of digestive juices than actually occurred. ‘The value of examin 
the digestion products by appropriate pape wraphy or of carrying 
Gm analvysis after acid hydrolysis is thus clearly « 
results are desired 

In our investigations the word ‘chitinase’ has been used 
system capable of degrading chitin, without specificatior 
breakdown. Unfortunately there is little information yet available on the 
specificity or on the products of digestion of chitinases. ‘The mo 
has been made by BERGER and REYNOLDs (1958) on the chiti 
of Streptomyces griseus. ‘wo chitinases with similar 
chitobiase were isolated. Both chitinases hydrolysed chitin to 
N2-diacetylchitobiose without the formation of detectable hig! 
Chitodextrin (a short chain, water-soluble polymer of NAcGn 


into lower oligosaccharides including the di-N-acetylchitobiose, th« 


chitotrios¢ and the tetra-N-acetvichitotetraos¢ All of these except cl! 
I 


which was not attacked, coul v1 ided in turt itinases 
and intermediate oligosacchar de Lhe chitobiase 
and tri-saccharides of NAcGm, but none of the higher saccharides 

No deacetylation of NAcGm occurred with the bacterial chitinases of BERGER 
and ReyNoLps (1958) or CLARKE and Tracey (1956). On the other hand an 
VAcGm deacetylase has been reported in bacterial chitinase preparations by 
ROSEMAN (1954, 1957) with the formation of Gm and acetate. VELDKAMI 
1955) has reported that bacterial cultures acting on chitin produced NAcGm, Gm 
acetic acid, and ammonia, thus showing that deacetylation has taken place 
HOCHSTEIN ef al. (1959) have re porte d the oxidation of NAcGm to \- icetvilglucos- 


aminic acid by a bacterial enzym« he hydrolysis of some acetylated primary 
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arylamines by insect tissues has been reported (WEIDEN, 1958), although NAcGm 
was not tested as a substrate. In the present experiments no NAcGm deacetylase 
activity was detected in cockroach blood, digestive juice, or cuticle brei and no 
degradation of NAcGm occurred. Although a deacetylase could not be detected 
in the cockroach extracts these produced small amounts of Gm when acting upon 
chitin. It is unlikely that chitin prepared by the action of ED'TA on powdered crab 
shell would have undergone deacetylation, so it would appear that some of the 
amino groups in chitin are not acetylated. Chitin is considered to be a polymer 
built up of NAcGm residues but the evidence for this is not conclusive. BRACH 
(1911), from hydrolytic experiments, concluded that in ‘purified’ chitin there is 
one acetyl group for each Gm residue, but his experiments do not exclude the 
possibility that a few of the Gm residues are not acetylated. ‘The acetyl value 
reported by Meyer and WenRLI (1937) corresponds to 96 per cent acetylation of 
the Gm residues in chitin. Other workers (e.g. KARRER and HorrMaNn, 1929: 
VELDKAMP, 1952, 1955; HACKMAN, 1954) have shown that the enzymic degradation 
of ‘purified’ chitin produces some Gm, but their experiments did not exclude the 
presence of a deacetylase. Moreover, the ‘purified’ chitin used by these workers 
may have undergone some deacetylation during purification (see HACKMAN, 1954). 
More recently, Gives et al. (1958), from elementary analytical data on a number 
of chitin samples, have proposed a structure for chitin which has one Gm residue 
for every seven NAcGm residues 

The pH optimum for cockroach digestive juice chitinase, as measured by 


VAcGm production, lies between 5-4 and 6-0, which is similar to that reported 


for most chitinases. Since more than one chitinolytic enzyme may be present in 
the unpurified insect preparations used in the present work, more careful study of 
pH optima would seem to be indicated only after some degree of purification of 
these preparations lhe chitinase from the cast skins or moulting fluid of the 
vellow mealworm Tenebrio molitor L. and the silkworm Bombyx mori (L.) had 
pH optima of 495 and 5-4 respectively (JeuNIAUX, 1955a,b; JeUNIAUX and 
AMANIEU, 1955a,b). It is possible that the figure of pH 8-2 for B. mort cast skins 
as reported by HAMAMURA ef al. (1954) is in error 

(he demonstration of chitinase activity in the various extracts of adult 
cockroaches and in the brei of mature termite workers raises the question of the 
function of this enzyme in adult insects. It is clear that moulting fluid chitinase 
is a relatively stable enzyme since it has been recovered from the air-dry cast skins 
of all insects so far examined. This is presumably because all of the moulting 
fluid has not been reabsorbed before the old cuticle is shed. What becomes of the 
presumably far larger amounts of chitinase reabsorbed into the insect is not known. 
If it is not destroyed it might possibly be mobilized from the haemolymph or 
other tissues for the next moult of immature insects, although this cannot apply 
to the adults. Possibly the continued presence of an active enzyme in mature adults 
suggests that it may be performing some definite function. Although digestive 
juice chitinase would be of value to predaceous insects or to those which eat the 


cast skins of their fellows, there is a less ready explanation for the occurrence of 
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this enzyme in blood. Further work is indicated to determine the distribution of 


chitinase in the insect body, its relation to the moulting cycle and whether it is of 


WwW idespread occurrence in insects 
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CHARACTERISTIC ODOUR COMPONENTS OF THE 
BUGS 


SCENT OF STINK 


WATERHOI 


Abstract 


INTRODUCTION 


CONSIDERABLE interest has de’ 


compounds used by insects 
Although it is con monplact 
pterous superfamily Pentator 
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another unpleasant smelli 
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which carry their unpaired dorsal scent glands on the fourth and fifth abdominal 
segments, the secretions of each differ. The anterior gland is responsible for the 
typical unpleasant odour, whereas the posterior gland secretes an inoffensive 


material (JOHANSSON, 1957) 


EXPERIMENTAI 
1. Preparation of Samples 


Field collected specimens of five species of bug (Table 1) were decapitated 


after cooling to about 3°C in order to inactivate the bugs and to reduce loss of the 


OF THE ODORIFERO! OIL OF FIVE PENTATOMOID BUGS 


Compounds identifed 


CH CHO 
CH CHO 
CH CHO 


Common name 


-enal 


n-Hexanal 
5 


»).<CH 
Hex- 


\ dicarbony! 


CH,(CH,),CH 
CH,(CH,),CH 


_— 
~ 
. 
_ 
~ 


Pentatomidae 


Nezara viridula var. smarag- 


dula (F 
Rhoe cocorl 


> 
l’oectiometis 


sulciventris (Stal 


trigatus Westw 


Coreidae 
Victis profana | 


Green vegetable bug 
Bronze orange bug 


Crusader bug 


Imorbus rubiginosus Guer Euc alyptus bug 


odoriferous oil while the glands, together with a tiny piece of adhering cuticular 
tissue, were rapidly dissected out. Glands from each species were then subjected 
to steam distillation and the distillates examined as follows: 

(a) (all five species) The steam distillate was treated with excess 2,4-dinitro- 
phenylhydrazine in 2N H,SO,. The 2,4-dinitrophenylhydrazones soluble in light 
petroleum (boiling point below 40°C, free of aromatic and carbonyl compounds) 
were fractionated on Celite—nitromethane liquid partition columns according to 
the method of Day et al. (1960), whereas those insoluble in light petroleum, but 
soluble in benzene, were purified on alumina liquid adsorption chromatographic 
columns 


(b) (only Nezara and Rhoecocoris) The steam distillate was extracted with light 


petroleum, the extract concentrated and then fractionated on a silicone-oil gas 
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chromatographic column (Forss ef a/., 1960a) programmed from 50 to 
The fractions thus obtained were treated with 2,4-dinitrophenylhydrazine as 


described in (a) 


2. Characterization of Odour Constituents 
When the steam distillates from the five bugs were treated with 2,4-dinitro- 
phenylhydrazine the stink from the three pentatomid bugs disappeared, indicating 
that the major odour components were carbonyl compounds. However, there 
remained a slight ester smell from the two coreid bugs, indicating that non- 


carbonyl compounds (possibly esters) contribute to the odour of these species 


\. The green vegetable bug, Nezara viridula 


[he five principal constituents (shown in Tabl 2) accounted for most 
odoriferous material. Each was treated with 2,4-dinitrophenylhydrazin 


precipitates were obtained for fractions 1, 2, and 4 


HROM RAPHI FRACTIE 


Fraction 
Relative 
No ‘Time amount 
(min 
19* + +4 x-2 onges st important component, but 
needs t nbined witli tractior 4 tk 


approach 


Minor odo omp« re ‘ pleasant 


sweet odor 

Minor odour component odor orange- 
ee 

pec oaqaour 


he most unpleasant 
importance after trac 


Weak odour 


* Retentior 


respective aldehyd 


+ Did not react 


(a) Fraction | : hex-2-enal. The 2,4-dinitrophenylhydrazone was soluble in light 
petroleum, gave A maXy,oy 372 my and A MaXg,on-~aon 455 My, identical with that 
of the 2,4-dinitrophenylhydrazone of authentic hex-2-enal, and had a melting point 
of 145-146°C identical with, and undepressed when mixed with, the 2,4-dinitro- 
phenylhydrazone of authentic hex-2-enal 

The 2,4-dinitrophenylhydrazones of fraction 1 and of synthetic hex-2-enal 
were compared on paper chromatograms by the method of LYNN et al. (1956) and 
both moved in an identical fashion 

(b) Fraction 2: probably a dicarbonyl compound. ‘The 2,4-dinitrophenyl- 


hydrazone was an orange precipitate insoluble in light petroleum, but soluble in 
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a dicarbonyl had a melting point of 268°C and gave 

410 mu and A max won 001 mp 
in infra-red examination of Nujol mulls of the 2,4-dinitrophenyl- 
which had been purified on an alumina chromatographic column, the 
was deduced: a band at 1692 cm was assigneé d to an «a, 8-unsaturated 
saturation was also indicated 1 band at 983 cm~', the frequency 
H deformation of a trans double 
a keto ester (other than §-keto) 
in the otherwise identical spectra of 

hat a compound of structure 


() 


QOH 

of this acid is probably present. Some caution, however, 

cepting the validity of the absorption bands other than that 

has recently been found (HoRwoop, unpublished) that 

nitromethane columns modifies the infra-red spectra 

itrophenylhydrazones and introduces foreign bands in the carbonyl 

ilar, but much weaker, modification was observed for the 2,4-dini- 

trophenylhydrazone of n-pentanal after passage through an alumina chromato- 
graphic column 


(c) Fraction 3 : unidentified. This fraction did not react with 2,4-dinitrophenyl- 


hydrazine and, since it was present in small amount and did not contribute 


materially to the characteristic odour of Nezara, it was not investigated further. 
(d) Fraction 4: dec-2-enal. ‘The 2,4-dinitrophenylhydrazone was soluble in 


light petroleum, gave A max, 372 my and A MaXpron- xno 455 Mp, identical with 


that of the 2,4-dinitrophenylhydrazone of authentic dec-2-enal, had a melting point 


of 127—128°¢ indepressed when mixed with the authentic dec-2-enal derivative 
of melting point 124—-125°¢ 

lhe 2,4-dinitrophenylhydrazones of fraction 4 and of synthetic dec-2-enal 
moved in an identical fashion when compared on paper chromatograms by the 
method of LYNN et al. (1956) 

(e) Fraction 5: tridecane. ‘Vhis was the most abundant fraction obtained from 
the steam distillate but made no important contribution to the characteristic stink 
bug odour. It was identical in retention time with an authentic sample of tridecane 

this identity was confirmed by means of mass spectrographic examination 

The bronze orange bug, Rhoecocoris sulciventris 

Five main fractions were also obtained by gas chromatography of the bronze 
orange bug odoriferous material (‘lable 3) 

(a) Fraction 1 : hex-2-enal. Identical with fraction 1 from Nezara, but present 


in much lower proportion in the steam distillate and hence an unimportant 


constituent of the odour 
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(b) Fraction 2 : probably a dicarbonyl compound. The orange 2,4-dinitrophenyl- 


hydrazone was insoluble in light petroleum, soluble in benzene, gave A max = 


410 my, A MaXpoH-Naon 561 mp, and had a melting point of 262°C. Its infra-red 


‘TABLE 3—GAS CHROMATOGRAPHIC FRACTIONS FROM Rhoecocoris sulciventris 


Fraction 
Relative Identified as Odour 
No ‘Time amount 
(min) 


20* + Hex-2-enal Similar to Nezara but quantity to 
small to be important 
Same as fraction 2 0f | Minor odour component 
Nezara. Probably 
a dicarbony!] 
Oct-2-enal Strongest and most 
component 


Minor odour component 


Tridecane Minor odour contributor 


dentical fraction 5 occurs in largest amount 
from Nezara 


* Retention times of these fractions were identical with those of authentic sampk 
respective alde hvde ; 
t Did not react with 2,4-dinitrophenylhydrazine 


spectrum was identical with that from fraction 2 of Nezara, except that there was 


no band at 1746 cm~', so that only 


and not its ester is present in this bug. 

(c) Fraction 3: oct-2-enal. ‘The 2,4-dinitrophenylhydrazone was soluble in 
light petroleum, gave A maxXyioq 372 my and A Mmaxgiog-naon 454 Mp, identical 
with that of the 2,4-dinitrophenylhydrazone of authentic oct-2-enal, and had a 
melting point of 127-128°C identical with, and undepressed when mixed with, the 
2,4-dinitrophenylhydrazone of authentic oct-2-enal. 

The 2,4-dinitrophenylhydrazones of fraction 3 and of synthetic oct-2-enal 
moved in an identical fashion when compared on paper chromatograms by the 
method of LYNN et al. (1956). 


Rg 
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(d) Fraction 4: unidentified. ‘Vhis was present in small amount, was a minor 
component of the odour, and did not react with 2,4-dinitrophenylhydrazine. 
(e) Fraction 5 : tridecane. This was identical with fraction 5 from Nezara and 


was the most abundant fraction obtained. It was a minor odour component. 


Poecilometis strigatus 


Che odoriferous secretion from this bug, which could be distinguished by smell 


from that of both Nezara and Rhoecocoris, was examined in less detail. However, 
the presence was detected of hex-2-enal, oct-2-enal, and a dicarbonyl identical with 


fraction 2 from Rhoecocorts. 


D. Mictis profana and Amorbus rubiginosus 

Che preliminary examination of odoriferous material from Mictis and Amorbus 
gave essentially similar results. The yellow 2,4-dinitrophenylhydrazones were 
soluble in light petroleum and were fractionated on a Celite—nitromethane column. 
Both species yielded a single constituent which was identified as the n-hexanal 
derivative with the following properties: A maxyioy 358 mp, A Maxgion-naon 
432 mp, with a smaller peak at 518 my, which had disappeared after 2 hr, 
indicating a saturated aldehyde and not a saturated ketone, identical in behaviour 
with the 2,4-dinitrophenylhydrazone of authentic n-hexanal; melting point 
107-108°C identical with, and undepressed when mixed with, the 2,4-dinitro- 
phenylhydrazone of synthetic n-hexanal; these natural and synthetic derivatives 
moved in an identical fashion on paper chromatograms (LYNN et al., 1956). 

Synthetic n-hexanal, which was purified on a silicone—oil gas chromatographic 
column, was appraised as contributing importantly to the odours of both Mictis 
and Amorbus, although other materials were also present in the odoriferous 


secretions to give each bug a characteristically different odour 


DISCUSSION 

‘To the human nose the odours produced by all five bugs are distinct, although 
there is a far greater basic similarity within the families Pentatomidae and Coreidae 
than between these families. It is interesting, therefore, to note that a six-carbon 
aldehyde contributed to the odour of all five bugs. In two of the bugs oct-2-enal 
was an important constituent and in one bug dec-2-enal. ‘The compounds reported 
in ‘Table 1 are probably the major contributors to the odours of the Pentatomidae 
investigated. However, in addition to n-hexanal there are certainly other important, 
unidentified odour constituents in the two coreid bugs. ‘The sharp amyl alcohol- 
like odour reported by Moopy (1930) for the coreid A. tristis suggests that it may 
be basically similar to that of the coreid bugs we have examined. 

\ll of the compounds identified in this study have been isolated from skim milk, 
which has acquired an oxidized (cardboard) flavour (Forss et al., 1955). In addition 
some of the above constituents are also known to occur naturally, although mainly 
in plants (GUENTHER, 1949). ‘Thus n-hexanal is found in various Eucalyptus oils, 
where it contributes to the disagreeable properties of certain of these oils. In view 


of this it is relevant to note that Amorbus lives on eucalypts. 
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Much more widespread in its distribution in plants is hex-2-enal, which has 
been reported in the oils derived from the green leaves of numerous plant species 
(e.g. tea, mulberry, acacia) (GUENTHER, 1949). Because of its strong and pungent 
odour of green leaves, hex-2-enal is sometimes used in perfumes and flavours. It 


is said that it forms part of the flavour of green tea and that the aroma of tea is 


primarily due to this compound (see RoTH et a/l., 1956). Hex-2-enal and hex-3-enol 


are together responsible for the attraction of silkworm larvae to leaves (WATANABE, 
1959). Hex-2-enal was found to be one of the carbonyl compounds responsible for 
the odour of whale oil (see Rotu et al., 1956), although it may well have been 
formed in the oil after extraction, for it has also been isolated from a variety of 
oxidized fats and oils. ‘Thus Forss et a/. (1955, 1960a) have identified it in oxidized 
skim milk and butterfat. Hex-2-enal and other unsaturated aldehydes are thought 
to be derived from unsaturated fatty acids through hydroperoxide formation and 
cleavage at the a-methylene group (BapiINGs, 1959; Swirt et al., 1949). The only 
fully substantiated record of the natural occurrence of hex-2-enal in animals, there 
fore, appears to be the careful work of RoTH ef al. (1956) from both adult males and 
females of the cockroach Eurycotis floridana (Walker). Pure trans hex-2-enal was 
the only material present in the yellow liquid produced by a gland opening on the 
ventral surface of the abdomen. Interestingly, in an old report, HeBarp (1917) 
states that the odour of this cockroach strongly suggests that of the pentatomid 
Brochymena annulata (E.). 

\ related compound, trans hex-2-enol-1l-acetate, occurs in abdominal glands 
of males of the waterbug, Belostoma indica Vitalis, where it is thought perhaps t 
function as a sex odour (BUTENANDT and ‘TAM, 1957). ‘This material is employed 
in south-east Asia as a seasoning for fatty foods. An unidentified aliphatic 
x, B-unsaturated ketone has been isolated from the defensive glands of the water 
beetle Dytiscus marginalis (SCHILDKNECHT and HoLousek, 1959) 

Naturally occurring oct-2-enal does not appear to have been reported, although 
it is formed during oxidation of skim milk, contributes to cardboard flavours (Forss 
et al., 1955), and has been isolated from oxidized cottonseed oil (Swirt et al., 1949) 
n-Octanal is an important constituent of orange oil (GUENTHER, 1949), which is of 
interest in view of the great importance of oct-2-enal in the odour of the bronze 
orange bug which lives on citrus 

Non-2-enal has been isolated from cucumbers, oxidized skim milk, and oxidized 
butterfat (Forss et al., 1955, 1960a, b) although it has not been detected in the 
five bug odours examined. Dec-2-enal has been found in the essential oil of 
several plants, including the orange (GUENTHER, 1949), but does not appear to 
have been reported previously from animals. It does, however, occur in oxidized 
skim milk (Forss et al., 1955) 

Ihe mechanism of production of the odoriferous materials by the bugs is 
unknown. In view of the occurrence in plants of many of the materials responsible 
it is possible that some constituents are simply concentrated from the very larg: 
volume of sap passed through the alimentary canal and that the amount of 


odoriferous material accumulated by the bug varies with the amount available fron 
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the host plant. This might apply more particularly to species with a restricted host 


plant range. However, this is unlikely to be the only method of production. ‘Thus 


the odour of the green vegetable bug (Nezara) is quite characteristic of this 
species although it may feed on any of a very wide range of plants. These plants 
presumably would provide unsaturated aldehydes in very different amounts and, 
unless Nezara possessed a special mechanism for taking up the wanted constituents 
only in certain definite proportions and rejecting closely related compounds, the 
components of the sap of the host plant would tend to influence greatly the nature 
of the odour. We have not determined whether there are quantitative differences 
between the odour components of samples of Nezara collected at different times, 
although both qualitatively and to the nose they are similar. The larval odours are 
also similar to the nose. It is probable, therefore, that the odour components are 
produced, at least in part, metabolically and that a more or less constant composition 
is maintained. No information is available on their possible precursors, but this 
topic is worthy of experimental investigation. 

It is generally agreed that these odours are probably of repugnatorial value to 
the bugs which produce them (Moopy, 1930; Weser, 1930), although HEIKERTINGER 
(1922) dissents from this opinion. There is no indication that they regularly play 
any part simply as excretory products, aS sex attractants, or to assist in species 
recognition, for the adults are seldom gregarious, although young larvae of some 
species (e.g. of Nezara viridula) may be 

Some interesting experiments have been carried out by EISNER et al, (1959) on 
the cockroach E. floridana, which can spray its hex-2-enal as far as 3 ft when 
disturbed and can aim with some degree of accuracy in the general direction of the 
stimulus. Ants (Pogonomyrmex badius (Latr.) and Camponotus pennsylvanicus 
(Degeer) ) were repelled, although an unidentified tarantula which routinely feeds 
on Eurycotis in the laboratory was not affected (EISNER, personal communication). 

When a bug is picked up the characteristic disagreeable odour is usually evident 
immediately. In many instances the oily liquid is merely forced out on to the 
surface of the cuticle where rapid evaporation takes place. Some bugs, however, 
are able to emit a spray, as for example Anasa tristis which, when strongly irritated, 
may discharge several drops of liquid as far as 5 in. in a latero-posterior direction 
from the body (Moopy, 1930). ‘The pentatomid Tesseratoma paprllosa Thunb. is 
reported to be able to eject its liquid to a distance of 6-10 in. (Mute, 1907). Under 
some circumstances the secretions may be toxic even to the bugs for, when a large 
number of Rhoecocoris were placed in a lightly closed container on a warm day, 
many were dead within an hour. It is evident that, for a particular compound, 
attraction, repellency, or toxic action may be simply a function of concentration. 

Experiments carried out with an unidentified pentatomid and several coreids 
demonstrated a strong deterrent effect to attack by predators, including ants, 
amphibia, birds, and mice. With birds there was obvious rejection only when the 
secretion appeared to have hit the eyes. With some species the secretion is ejected in 
response to movement or vibration nearby and no direct contact was necessary. 


Thus a caged bird (Cyanocttta stelleri) was repeatedly sprayed when merely landing 
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near a coreid. Moreover, this bug aimed its spray quite accurately by adjusting 
body orientation and stance to enable it to fire a broadside and then discharged its 


gland from the stimulated side of the body only (E1sNer, personal communication). 


icknowledgements—-We wish to acknowledge the help of W. Stark and J. F. Hornwoop 
of the Dairy Research Section, C.S.1.R.O., the former for assistance with gas chromato- 
graphy and the latter for infra-red analyses 
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INTRODUCTION 


[LYSINE is considered an essential amino acid for most organisms. However, it can 


be formed from aspartic acid by Escherichia coli (BOLTON et al., 1953); 1s essential 


IO! Streptocos us faecalis (6057) only under certain conditions (Mi CLURE ef al., 


1954); and is synthesized by Blattella germanica L., but not rapidly enough to 
satisfy the requirements of the organism (GORDON, 1959). Extensive reviews on 
lysine requirements and metabolism have been published by Work (1955) and 
VieEIsTER (1957) 

Davis (1956) indicated that Oryzaephilus surinamensis (L.) could possibly 
dispense with lysine in the diet. At the time, because of the nature of the diet, 
absolute requirements of this organism for amino acids could not be determined 

mically defined diet in which lysine can be a limiting amino acid has 
en formulated. ‘This is a report on the quantitative dietary requirements 
of O. surinamensis for lysin lhe effects of related compounds as replace- 


lysine were also studied 


MATERIALS AND METHODS 


[he components of the chemically defined diet were the same as those used 


previously (Davis, 1959) except that L-alanine and L-proline were included at the 
0-07 per cent level. With the same method as in earlier work (Davis, 1959), the 
effects of L-lysine were tested at twelve concentrations from 0 to 2°39 per cent All 
onstituents of these diets were obtained from Nutritional Biochemicals Corpora- 


vio! ( le ve land, Ohio 


N lad parti to gricult é rch Station, Saskatoon, Sask 
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have occurred because of impurities in the amino acid constituents (GORDON, 
1959) or because of the presence of micro-organisms in the diet capable of 
converting aspartic acid to lysine (BOLTON et al., 1953). 

Table 2 indicates that larvae of O. surinamensis on a lysine deficient diet may 
be able to utilize pipecolic acid, «-aminoadipic acid, or a mixture of a-ketoglutaric 
acid and ammonium acetate. ‘These compounds either increased the rate of 
development or the survival of larvae reared without lysine. Glutaric acid, a-keto- 
glutaric acid, ammonium acetate, diphenylhydantoin, or hydantoin did not. 


TABLE 2—THE NUMBER OF INDIVIDUALS PUPATING AND EMERGING AS ADULTS, AND THE 


AVERAGE TIMES TO PUPATION AND EMERGENCE WHEN 100 LARVAE OF Oryzaephilus surinamensis 
WERE REARED INDIVIDUALLY ON DIETS IN WHICH VARIOUS CONCENTRATIONS OF RELATED 
COMPOUNDS REPLACED L-LYSINI 


Lysine replaced by Number Average Number Average 
} pupating time (hr) emerging time (hr) 
pL-Pipecolic acid HC] 
24 

2-48 
pbL-«-Amunoadipic acid 

1-21 

2°42 

3-63 

4-84 
Glutaric acid 

1-37 
x- Ketoglutaric acid 

1-37 
x-Ketoglutaric acid 
ammonium acetate 

0-46 + 0-92 

Ammonium acetate 

1-37 
Diphenylhydantoin 

2-06 
Hydantoin 

0-94 


* Standard error 


The proposed pathway of lysine metabolism in the rat is as follows: 
lysine --a-aminoadipate—glutarate— a-ketoglutarate and acetate (ROTHSTEIN and 
MILLER, 1954). MeisTER (1957) inserts pipecolate between lysine and a-amino- 


adipate. ‘The results of the foregoing experiments suggest that this pathway is only 


partly operative in larvae of O. surinamensis, because the effective compounds 
substituted for lysine did not permit either as rapid development or as great survival 
as lysine itself. For the same reasons, the results indicate that these compounds, 
in the concentrations used, could not substitute entirely for lysine in the diet 
of O. surinamensis. 


Acknowledgement—The technical assistance of Mr *. T. Eves is gratefully 
acknowledged 





LYSINE REQUIREMENTS OF LARVAE OF ORYZAEPHILUS SURINAMENSIS (L.) 


REFERENCES 


BoLTon E. T., Britren R., and Cowie D. B. (1953) Synthesis of the aspartic and glutamix 
families of amino acids by Escherichia coli. Science 17, 465 

CHELDELIN V. H. and Newsurcu R. W. (1959) Nutritional studies on the blowfly 
Axenic culture of intervertebrate metazoa: a goal. Ann. N.Y. Acad. Sci. 77, 373 

Davis G. R. F. (1956) Amino acid requirements of Oryzaephilus surinamensis 
(Coleoptera : Silvanidae) for pupation. Canad. 7. Zool. 34, 82-85 

Davis G. R. F. (1959) Alanine and proline in the diet of larvae of Oryzaephilus surinamensis 
(L.) (Coleoptera : Silvanidae). Ann. ent. Soc. Amer. 52, 164-167 

pe Groot A. P. (1953) Protein and amino acid requirements of the honeybee (Apis mellifica 
L.). Physiol. comp. 3, 1-89 

FRAENKEL G. and Printy G. E. (1954) The amino acid requirements of the confused flour 
beetle, Tribolium confusum Duval. Biol. Bull., Woods Hole 106, 149-157 

Go.serc L. and De MEILLon B. (1948) The nutrition of the larvae of Aedes aegypti 
Linnaeus—IV. Protein and amino acid requirements. Biochem. J. 43, 379-387 

Gorpon H. T. (1959) Minimal nutritional requirements of the German roach, Blattella 
germanica L. In: Axenic culture of invertebrate metazoa: a goal. Ann. N.Y. Acad. Sci 
77, 290-351 

House H. L. (1954) Nutritional studies with Pseudosarcophaga affinis (Fall.), a dipterous 
parasite of the spruce budworm, Choristoneura fumiferana (Clem.)—III. Effects of 
nineteen amino acids on growth. Canad. 7. Zool. 32, 351-357 

LEMONDE A. and BERNARD R. (1951) Nutrition des larves de Tribolium confusum Duval 
Il. Importance des acides aminés. Canad. J. Zool. 29, 80-83 

McCuure L. E., NeuMAN R. E., and McCoy T. A. (1954) Amino acid metabolic studies 
VI. Aspartic acid—lysine interrelations in Streptococcus faecalis (6057). Arch. Biochem 
Biophys. 53, 50-55 

McGinnis A. J., NewsurGcu R. W., and CHe_pevin V. H. (1956) Nutritional studies on the 
blowfly, Phormia regina (Meig.). ¥. Nutr. 58, 309-324 

Meister A. (1957) Biochemistry of the Amino Acids. Academic Press, New York 

Moore W. (1946) Nutrition of Attagenus (?) sp. Ann. ent. Soc. Amer. 39, 513-521 

Pant N. C., Nayar J. K., and Gupta P. (1958) On the significance of amino acids in the 
larval development of Khapra-beetle, Trogoderma granarium Everts. (Coleoptera 
Dermestidae). Experientia 14, 176-178 

ROTHSTEIN M. and MILLER L. L. (1954) The metabolism of L-lysine-6-C''. 7. biol. Chem 
206, 243-253 

Sepee J. W. (1954) Qualitative amino acid requirements of larvae of Calliphora erythro- 
cephala (Meigen). Acta néerl. pharm. physiol. 3, 262-269 

SincH K. R. P. and Brown W. A. (1957) Nutritional requirements of Aedes aegypti L 
J. Ins. Physiol. 1, 199-220 

VANDERZANT E. A. (1958) The amino acid requirements of the pink bollworm. J. econ. Ent 
51, 309-311 

Work E. (1955) Some comparative aspects of lysine metabolism. A Symposium on Amino 
Icid Metabolism (Ed. by W. E. McE.roy and B. Gtass), pp. 462-492. The Johns 
Hopkins Press, Baltimore 





t Great Britain 


THE NUTRITIONAL REQUIREMENTS OF LOCUSTS—V 
OBSERVATIONS ON ESSENTIAL FATTY ACIDS, CHLOROPHYLL, 


NUTRITIONAL SALT MIXTURES, AND THE PROTEIN OR AMINO ACID 
COMPONENTS OF SYNTHETIC DIETS 


R. H. DADD* 


Department of Zoology and Applied Entomology, Imperial College of Scienc« 


and ‘Technology, London 


(Received 28 November 1960 


Abstract \ requirement for unsaturated fatt acid in Locusta may be ful met b 
ither pure linoleic or linolenic acids but not by arachidonic acid. Augmentation of the 
standard synthetic diet with crude chlorophyll paste produced no improvement in the 
growth of either Schistocerca or Locusta. Between 1 and 2 per cent of salt mixture was 
required in the diet for satisfactory growth of both Schistocerca and Locusta and 
amounts up to 11 per cent were well tolerated. A salt mixture similar in composition 
lant ash was no better than the mammalian nutritional mixture used as a standard 
ipparently satisfactory growth was obtained with a much sit plihed mixture of 

alt | rom this it appears that locusts can tolerate irg excesses of! 
itions in the ratios of ions in the diet. Locus ind Schistocerca 
ibility to grow « di of different pre omposition \ 
ilbumen, and peptone was sati ( for both species, but 


nplete ae elopment ata ( rat of rrowth on diets 


INTRODUCTION 


It became possible to assess the lipid, carbohydrate, and vitamin requirements 


of locusts when satisfactory diets of defined composition with respect to these 


classes of nutrient became available (Dapp, 1960a) Detailed investigation of 
the remaining major nutrients (proteins, amino acids, and inorganic substances) 
was hindered by the difficulty of developing basal diets of suitably defined 
composition. However, from time to time observations bearing on this problem 
were made and are here aSS¢ mbled and discussed 

\n account is also given of experiments concerned with pure fatty acid 
and chlorophyll which amplify points already discussed and which could not 
conveniently be dealt with elsewhere 
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METHODS 

\ detailed account of the preparation of synthetic diets and their use in growth 
experiments may be found in an earlier paper (Dapp, 1960a). ‘The composition of 
diets which enter into the subsequent discussion will be referred to in the appro- 
priate sections. In general, the adequacy of diets was assessed by comparing the 
rates of growth and the percentage survival to the adult stage of similar groups of 
newly hatched hoppers reared under standard environmental conditions. Hatch- 
lings of both Schistocerca gregaria (Forsk.) and Locusta migratoria 1. were obtained 
from the stock cultures of the Anti-Locust Research Centre, usually as egg pods 


1 day before hatching was anticipated 


RESULTS AND DISCUSSION 
(a) Chlorophyll 
It might be thought that as chlorophyll is universally present in green plant 
tissues, insects limited to, or dependent on, a leafy diet might require it nutritionally 
or as a stimulus for correct feeding behaviour. Chlorophyll preparations have a 
characteristic odour reminiscent of leafy material such as hay, and this suggested in 
particular that the location of food by phytophagous insects might be facilitated to 


some extent by olfactory attractions from this source 


TABLE 1 ‘HE COMPOSITION OF SOME SYNTHETI: 


Cellulose powder (1 ight s chromat« 
Wheatgerm oil (Vitamins Ltd.) (ml 
Linoleic acid (B.D.H. technical grad 
x- Tocopherol acetate (1 iwht & Co 
Cholesterol (mg) 

§-Carotene (Light & Co., synthetic 
Salt mixture (Glaxo’s DL.6 


Sucrose 


White dextrin (Hopkins & Williams 
Casein (B.D.H. fat and vitamin-free gr 
Bacteniologi il peptone (B.D.H 
Egg albumen, powder (B.D.H 

cid (mg 


nm mixture* 


) 
‘) 
5 (} ne } 


5 Biotur 


10 
? 
, 


hese considerations led to the inclusion of chlorophyll paste in the first 


artificial diets to be tried out with Schistocerca (Dapp, 1960a). No definite effect o1 
growth could be demonstrated and chlorophyll soon came to be omitted. However, 
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performances on these early diets were very erratic, and the doubt lingered that a 
marginal affect could have been masked by the numerous major defects that 
subsequently came to light in these early diets. When a satisfactory, largely 
synthetic diet became available the possibility that chlorophyll might improve the 
growth of Schistocerca was re-examined. A basal diet having the composition 
given in ‘Table 1 A was used in these experiments, chlorophyll being added as 
0-5 g of B.D.H. water soluble paste. Some growth data from three experiments are 
given in ‘l'able 2. ‘These results afford little indication that the rate of larval growth 
was improved by chlorophyll, and parallel experiments with Locusta (Table 3) 


were likewise negative. 


‘TABLE 2 (SROWTH DATA FOR GROUPS OF Schistocerca HOPPERS REARED ON A SYNTHETIC DIET 
WITH AND WITHOUT WATER SOLUBLE CHLOROPHYLL PASTE ADDED 


Mean weights (mg) of groups of 
hoppers and numbers surviving Adults Hoppers 
Treatment Exp (in brackets) at these times after obtained alive at 6 days 
hatching to become 
adult (°,) 
6 days 18 days x0 days id Aborts* 


No chloro- 71 (13) 337 (4) 
phyll 76 (14) 87 (9) 
81 (30) 538 (20) 


Chlorophyll 67 (13) (10) (9) 3 62 


13 
added 68 (17) 429 (9) 1296 (6) 29 
: l 


80 (30) 587 (18) 492 (9) 30 


* In this and subsequent tables the term ‘abort’ refers to insects which commenced to moult 


but failed to free themselves from the exuviae 


TABLE 3—-GROWTH DATA FOR GROUPS OF Locusta HOPPERS REARED ON A SYNTHETIC DIE’ 
WITH AND WITHOUT WATER SOLUBLE CHLOROPHYLL PASTE ADDED 


Mean weights (mg) of groups of 
hoppers and numbers surviving Adults Hoppe 
‘Treatment Exp (in brackets) at these times after obtained alive at 6 
hatching days to become 
adult (°.) 
6 days 18 days 28 days ‘J Aborts 


No chloro- 60 (21) 391 (10) 1002 (8) 
phyll 56 (18) 340 (12) 854 (9) 
; 45 (35) 361 (17) ROR (13) 


Chlorophyll \ 64 (15) 390 (15) 944 (12) 
idded B 64 (18) 379 (12) 919 (10) 
50 (30) 387 (14) 878 (11) 


No evidence has been obtained that chlorophyll is necessary in the nutrition 
of any insect, although its absorption from the gut and subsequent metabolism 
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has been followed in the hemipteron Anasa and the lepidopterous larvae Bombyx 
and Acherontia (FRAENKEL, 1953; FRirenp, 1958; Day and Warernouse, 1953) 
It apparently improved the growth of Prodenia larvae (Lepidoptera) on artificial 
diets, being thought to have increased their attractiveness (WRESSALL, 1955) 


Observations of the extent to which Schistocerca hoppers ate filter paper 


treated with single dietary components gave no indication that solutions of 
chlorophyll paste had phagostimulant properties, but in studies of the amounts of 
complete diets eaten during 3-day periods it was consistently the case that slightly 
more diet was taken when it contained chlorophyll (Dapp, 1961b, Table 8). 
Without more detailed experimentation it would be rash to assume that chlorophyll 
in no way affected the feeding of locusts, but clearly any affect must be marginal 
and probably concerned in the olfactory attractiveness of food. It has been claimed 
that olfaction plays no part in the finding of food by Locusta and Schistocerca 
(WiiiiaMs, 1954), but this contention has been questioned on the basis of 
more recent observations on the larvae of Schistocerca (HASKELL, personal 


communication ) 


(b) Unsaturated fatty acids 


For good growth and development of both Locusta and Schistocerca technical 
linoleic acid, a mixture of linoleic, linolenic, oleic, and small amounts of some 
fully saturated acids, was found to be a necessary component of synthetic diets 
\s purified samples of oleic and some of the saturated acids occurring in this 


mixture could not be effectively used in its place, growth-promoting activity was 


ABLE 4 (GROWTH DATA FOR GROUPS OF Locusta HOPPERS REARED ON SYNTHETK NETS 
CONTAINING VARIOUS PURIFIED UNSATURATED ATTY ACIDS IN PLACE OF CRUDI D.H 
TECHNICAL GRADE) INOLEIC ACID 


Mean weights (mg) of groups of 
hoppers and numbers surviving Hoppers 
n brackets) at these times after I alive at 7 days 
itching to become 


adult 


No fatty acid 
No fatty acid 


I inol Ic ac id 
I inolenk 14 id 


Arachidon« 
° All had crumpled 


presumed to reside in the poly-unsaturated fraction, but lacking suitable purified 
acids this presumption could not be tested directly (Dapp, 1960a). Subsequently 
purified linoleic, linolenic, and arachidonic acids were obtained and their growth- 
promoting value examined 
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lhe early work had shown that Locusta was more sensitive than Schistocerca to 

a deficiency of fatty acids. As time was limited, the efficacy of the purified acids was 

tested in a single experiment with the former species only. Some growth data are 

presented in ‘lable 4, the composition of the basal diet used being that shown in 

1 B. Linoleic and linolenic acids were included at the standard concentration 

f 5 mg per g of diet; as arachidonic acid was stated to be of only 60 per cent 
purity it was supplied at 8 mg per g of diet 

Without fatty acid in the diet growth was poor and no hoppers survived to 


become adult. Both linoleic and linolenic acids allowed satisfactory growth and 


deve lopme nt. Performances were quite as good as those regularly obtained by th« 


use of technical linoleic acid, and evidently either of these substances fully satisfies 
the fatty acid requirement of Locusta. Either linoleic or linolenic acids sufficed 
for the two insects, Ephestia and Pectinophora, both lepidoptera, previously shown 
to need an unsaturated fatty acid (FRAENKEL and BLewetrT, 1946, 1947: VANDERZAN7 
et al., 1957). In the latter case the superior efficiency of linolenic acid was taken to 
indicate that the two acids might serve different metabolic functions. No differences 
between them were apparent in this one experiment with Locusta, but information 
on the minimal requirements of each would be necessary to decide this point 

Che result obtained with arachidonic acid is ambiguous. Growth was markedly 
inferior to that on the diets containing linoleic or linolenic acids but clearly better 
than in the absence of fatty acids altogether. Many hoppers became adult, but all 
had more or less deformed wings. A tendency to wing malformation was noted in 
Schistocerca deprived of technical linoleic acid (Dapp, 1960a), and in Ephestia and 
Pectinophora irregularities associated with pupal eclosion and wing development are 
the major consequence of a lack of linoleic or linolenic acid 

It is clear that arachidonic acid was unable to fully satisfy the growth 
requirements of Locusta for fatty acids, but whether it caused the partial improve- 
ment in growth observed in this experiment is uncertain, for the sample used was 
stated to be only 60 per cent pure. Were linoleic or linolenic acids to occur 
substantially amongst the 40 per cent of impurities, the result obtained could be 
accounted for in terms of a sub-optimal dosage of either of these substances 
Arachidonic acid has been studied in connexion with only one other genus of 
insect, Ephestia (FRAENKEL and BLewett, 1947); it had a growth-accelerating 
effect on the larvae similar to that of linoleic and linolenic acids, but, unlike these 
latter, failed to allow normal pupal eclosion Chis situation bears a certain 


resemblance to that which obtains with Locusta 


(c) Inorganic requirement 


Synthetic diets used hitherto incorporated a nutritional salt mixture of known 
composition to provide for morganic needs. In principle therefore it is feasible to 
ise such diets as a basis for determining major inorganic requirements, although 
the presence of inorganic contaminants in many dietary components would 
probably nullify any attempt to demonstrate the need for substances which might 


be required only in minute amounts. A detailed investigation of inorganic nutrition 
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could not be undertaken, but som« 


experiments were aimed at 
determination o 


a preliminary 
f the optimal dietary levels for certam nutritional salt mixtures 


which might be convenient for future detailed study 


he composition of the standardly used nutritional salt mixture (Glax 
mixture DI] ©) 1s given In | ble 5 \ | 


»S Salt 
I al nt 


passil vy. it is wortl record Vv that Two 


HO Ho) 
HO) 
C,H,O,).6H 


rriixt 


other salt mixtures, Steenbocks Salts No. 40 and MaCollum Davis 185 


had heen 
found equally satisfactory; Glaxo’s salt mixture was eventually adopt d tor standard 
ise because a bulk supply of it was readily availabl 


commonly used with insects, were devised primarily for work with 


lhese salt mixtures, and others 
mammals, and 
could not be assumed optimal for insects, particularly phytophagous species. It 
as of some interest therefore know whether a closer approximation to the 
composition of plant ash would benefit species normally deriving their morganic 
nutrients from plant tissues 


he composition of a salt mixture designed on the basis of published analyses 
of plant ash (FRAENKEL, 1953) is given in Table 5 B. It developed by M 
ANTON of Imperial College for use in nutritional stu 1] 


| am indebted to him for providing a sample, her 
salts’. Apart from dissimilarities in the proportions of the major 
salts differed from Glaxo’s in lacking certain specially in 
nents, it be ing al ticipated that I led, these 


necact vO 


mixture 
expect d to afford considerablk 


; 


of preparing large numbers of diets lacking differé 


in the chemicals used in compounding the 
the reby ittained could he 


detailed experim nts on i ganic nutrition 


Glaxo’s salts had formed about 4 per cent by weight of the dry components 


Some data from experiments with Schistocerca and Locust 


‘sia 


diets used hitherto 
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"TABLE 6 (GROWTH DATA FOR GROUPS OF Schistocerca HOPPERS REARED ON SYNTHETIC DIETS 
CONTAINING DIFFERENT AMOUNTS OF SALT MIXTURES 


Mean weights (mg) of groups of No. of 


bers surviving adults Hoppers 


hoppers and nun 
(in brackets) at these times after obtained alive at sixth 
hatching day to become 

adult ( ) 


28 days Ye) Aborts 


alts 

1°, Glaxo 5 294 | 
Glaxo 7 ’ 1549 ( 
Glaxo »3 . 590 (7 1265 (5) 
Glaxo 2 79 (5 1484 (4) 
Glaxo 723 1548 (4) 


) 
m4 


) 


‘Tanton 3 53 5 1468 (4) 
"Tanton 5 7 1396 (6) 
‘Tanton j 530 (6) 1437 (6) 
: 589 (4) 1392 (4) 


aS ~~) 
Awuwnvi 


Nm 


(;ROWTH DATA FOR GROUP oF Locusta HOPPERS REARED ON SYNTHI DIETS 
CONTAINING DIFFERENT AMOUNTS OF SALT MIXTURES 


Mean weights (mg) of groups of No. of 
hoppers and numbers surviving adults oppers 
alt mixture (in brackets) at these times after obtained alive at sixth 
in diet hatching day to become 


adult (°%) 
18 days 28 days Ys) Aborts 


(;laxo 3 5 184 (2) 
Glaxo 392 (9) 1085 (5) 
Glaxo 5 (2 452 (13) 951 (11) 
Glaxo 440 (14) 940 (9) 
Glaxo 436 (10) 875 (6) 


‘Tanton 158 (3) All dead 
‘Tanton 408 (8) 923 (8) 
Tanton 2 405 (10) 887 (7) 
‘Tanton 393 (13) | 1011 (5) 


using diets containing different proportions of salts are given in ‘Tables 6 and 7. 
The composition of the basal diet for these experiments is given in Table 1 C; 
changes in the proportion of salt mixture were balanced by reciprocal adjustments 
to the content of cellulose so as to leave the concentrations of all other nutrients 
constant. 

On the diet lacking a salt mixture altogether neither Locusta nor Schistocerca 
developed beyond the second instar, all dying early in the experiments. Both 
species grew very poorly with 0-7 per cent of Glaxo’s salts and none survived to 
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become adults, but with double this concentration satisfactory growth and 
development occurred, while as much as 11 per cent seemed to be without 
detrimental effect. ‘Tanton’s salts appear to be an adequate but not apparently 
superior source of inorganic nutrients. For Locusta, the minimal requirement lay 
between 1 and 2 per cent of the diet, 8 per cent being without deleterious affect 
With Schistocerca, development to the adult stage was achieved on the diet 
containing 1 per cent, growth at this level being but doubtfully retarded. No ill 
effects were apparent with 8 per cent in the diet. 

Evidently Glaxo’s and ‘Tanton’s salts differed little in their effectiveness, th 
minimal requirements for each being of the same order, while large excesses 
were in both cases tolerated by both species with no apparent harm. ‘This latter 
finding was of particular interest, for it indicated that should extended study demand 
the formulation of salt mixtures lacking particular radicals, considerable latitude in 
the alteration of the amounts of those remaining might be tolerated without 
such ancillary changes in themselves greatly affecting growth. The apparent 
indifference of both species to the two salt mixtures used in these experiments 
further suggested that locusts might be insensitive to considerable variation in the 
relative proportions of the inorganic components of diets 

With these considerations in mind a salt mixture of very simple composition 
broadly based on that of ‘l'anton’s mixture was tested. Its preparation involved 
grinding together four salts only, to give the eight major radicals of ‘l'anton’s 
mixture, the provision of the minor components iron and manganese, should they 
be required, being thereby relegated to their occurrence as impurities along with 
other trace elements. ‘The composition of this mixture is given in ‘Table 5 C, and 
the results of an experiment in which its effect on growth was compared with that 


of Glaxo’s and ‘lanton’s salts are given in ‘Table 8. 
8—(SROWTH DATA FOR GROUI ) chistocerca AND Locusta HOPPERS REARI 
SYNTHETIC DIETS CONTAININ( s, TANTON’S, OR SIMPLIFIED SALT MIXTURI 


} 


Vlean weights (mg) of groups of 
hoppers and numbers surviving 
Salt mixture (in brackets) at these times after when expe 
in diet hatching ibandoned ; 
teentl 


14 day 


Locusta Glaxo’s ( 21 (14) 200 (10 
‘Tanton’s 32 (15) 215 (13) 
Simplified (14) 203 (11 


Schistocerca Glaxo’s 
l'anton’s 
Simplified 


Unfortunately this experiment had to be terminated before completion, and 
data are therefore only available for a period covering the first three instars. 


9 
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However, during this limited span both Locusta and Schistocerca grew as well with 
the simplified mixture as with either Glaxo’s or ‘Tanton’s salts. ‘This offers good 
grounds for supposing that such simplified mixtures would provide an adequate 
basis for investigating requirements for major inorganic nutrients. By still further 
reducing the labour involved in the preparation of diets, their use would 
considerably enhance the attractiveness of such a study 


(d) The simplification of dietary protein and its substitution by an amino acid mixture 


In seeking to refine the yeast-containing diets on which Schistocerca was 
first successfully reared to the adult stage it was found that when B vitamins were 


TABLE 9—GROWTH DATA FOR GROUPS OF Schistocerca HOPPERS REARED ON SYNTHETIC DIETS 
IN WHICH PROTEIN WAS PROVIDED AS EITHER A MIXTURE OF CASEIN /ALBUMEN/PEPTONI 
OR AS CASEIN ALONI 


Mean weights (mg) of groups of No. of Hoppers 
hoppers and numbers alive (in adults alive on the 
Protein Exp brackets) at these times afte obtained sixth day to 
in diet hatching become 
adult (‘ 
6 days 18 days 30 days ‘3 A borts 


Casein + peptone \ 67 (13 5 303 (4) 
+ albumen I 76 (13 
: 65 (63 8 (28 3 (16) 


(3) 


Fat and vitamin A 50 (15) 
free casein only 60 (14) 


c2 


53 (57) 


TABLE 10—GROWTH DATA FOR GROUPS OF Locusta HOPPERS REARED ON SYNTHETIC DIETS 
IN WHICH PROTEIN WAS PROVIDED AS EITHER A MIXTURE OF CASEIN, ALBUMEN, 
AND PEPTONE OR AS CASEIN ALONE 


| Mean weight (mg) of groups of No. of 
hoppers and numbers alive (in adults Hoppers 
Protein in diet brackets) at these times after obtained alive at 6 
hatching days to 


become 
6 days 20 days 30 days ts Aborts | adult (%,) 


Casein+ peptone | | 64 (27) 345 (1! 941 (13) 
+ albumen | 67 (20) 327 | 9O1 (8) 


Fat and vitamin 279 (8 Nil 
free casein only Nil 


substituted for yeast, a mixture of proteins had to be incorporated instead of 
casein alone. Combinations of casein, albumen, and peptone proved suitable, and 


were retained throughout the subsequent development of a satisfactory basal diet 
(Dapp, 1960a). 
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The need for albumen and peptone in this diet, the composition of which is 
given in ‘Table 1 A, was examined in experiments with both Schistocerca and 
Locusta; pertinent growth data are presented in ‘Tables 9 and 10. Quite clearly, with 
casein as the only protein (i.e. with extra casein replacing both albumen and 
peptone to give diet D, Table 1), the growth of both species was severely retarded, 
and in these experiments no hoppers survived to become adult. Subsequently, 
diets in which either albumen or peptone was replaced by extra casein were tested ; 
the outcome was inconclusive, for although growth was always retarded when either 
substance was replaced, in both cases many hoppers completed development. 

At this juncture the possibility was considered that peptone might have aided 
growth by virtue of the provision of additional choline. This had been the reason 
for an apparent need of a peptone supplement to casein in the first synthetic diets 
developed for Pyrausta (Breck et al., 1949). However, augmentation of ‘casein 
only’ diets with extra choline chloride effected no improvement in the growth of 
either Schistocerca or Locusta, and it was later shown that the level of choline 
provided by the standard vitamin mixture was well above the minimum required 
for satisfactory growth (Dapp, 1961a). 

As diets containing casein, albumen, and peptone provided a satisfactory 
basis for the evaluation of lipid and carbohydrate requirements they were adopted 
for this purpose with little modification. Further attempts to develop a diet 
containing the single protein, casein, took second place to this systematic work and 
were carried out piecemeal as occasion offered, in no way constituting a methodical 
exploration of the problem. In general, these intermittent experiments were guided 
by the hypothesis that with casein alone the diet might be deficient in either 
unrecognized growth factors occurring in the comparatively crude preparations of 
albumen or peptone, or particular amino acids supplied more plentifully by the 
mixture of proteins. Attempts to make good the replacement of albumen and 
peptone by extra casein therefore took the form of testing ‘casein only’ diets 
augmented with either vitamins not standardly provided, or amino acids which 
might have been poorly supplied by casein alone. 

The following vitamins were at one time or another tested in this way 
glutathione, cobalmine (vit B,,), thioctic («-lipoic) acid (the active component of 
‘protogen’ preparations), carnitine (vit B,), menapthone (mammalian vitamin K) 
and rutin (mammalian vitamin P). Although not generally considered necessary 
in insect nutrition, the first four of these have been claimed to improve the growth 
of particular species (LiIpKE and FRAENKEL, 1956; FRIEND, 1958). However, no 
improvement in the performances of either Schistocerca or Locusta on ‘casein only’ 
diets could be detected on augmentation with any of these substances alone or 
combined. Negative results were likewise obtained on augmentation with cystine, 
glycine, lysine, methionine, histidine, tryptophane, and arginine, all amino acids 
which at one time or another have been conjectured to be inadequately supplied by 
casein (House, 1949, 1954; Beck et al., 1949; HinTON et al., 1951; NOLAND and 
BAUMANN, 1951; VANDERZANT and Reiser, 1956; VANDERZANT ef al., 1957). The 


possibility of an inorganic deficiency was tested by using a diet containing ashed 
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grass in place of the usual salt mixture, it being supposed that any inorganic 
radicals needed must necessarily be present in a satisfactory natural food; this 
also proved negative. 

In that these experiments gave little insight into the nature of the deficiency 
associated with the use of pure casein in place of mixed protein this line of enquiry 
must be accounted a failure. However, incidental to this main aim, useful infor- 
mation on the variability in nutritive value of different caseins emerged in the 
following way 

\ consequence of the sporadic nature of these experiments on protein 
simplification was that from time to time new batches of ‘fat and vitamin free’ 
casein were used in compounding diets. As we have seen, the growth of Schistocerca 
in the first set of experiments using casein alone was very poor and no adults were 
obtained (‘T'able 9). On control diets of identical formulation used in the later 
augmentation experiments growth was generally much better and usually some 
hoppers survived to become adult. This suggested that different batches of the 
same grade of casein might have varied in nutritive value, a possibility which was 
emphasize d by the recollection that a marked difference had been observed in the 
colour and texture of some batches. ‘These considerations prompted the testing of 
different grades of casein. It was conceived that besides effecting a more nearly 
complete removal of vitamins, the comparatively extensive processing undergone by 
‘fat and vitamin free’ casein might partially degrade some amino acids or affect the 
digestibility of the product 

['wo less refined caseins (B.D.H. ‘fat free’ and B.D.H. ‘light white soluble’) 
were therefore compared with the standardly used ‘fat and vitamin free’ grade. 
soth markedly improved the growth of Schistocerca, ‘light white soluble’ casein in 
particular allowing performances as good as those obtained on diets incorporating 
the casein/albumen/peptone mixture. In sharp contrast to this situation with 
Schistocerca, ‘casein only’ diets, whatever the type of casein, always gave poor 
growth with Locusta 

A basal diet containing vitamin-free casein as the only protein was particularly 
needed for working out B vitamin requirements, as albumen and peptone might 
have provided appreciable amounts of the standard vitamins whose omission it 
was proposed to study. As Schistocerca was able to develop to the adult stage on 
casein only’ diets in the later trials, even though at a retarded rate, it was decided 
to use diets of this sort in studying vitamin requirements. The basal diet finally 
adopted (‘Table 1 E) embodied a further major modification. Dextrin, which might 


have been another source of vitamin contamination, was omitted, previous work 


having suggested that sucrose alone would be an adequate carbohydrate. ‘The 


omission was made good with extra casein: in so doing it was thought that should 
certain amino acids be provided by casein in slightly sub-optimal amounts, the 
possibility of their acting as a limiting factor in growth would to some extent be 
guarded against 

The growth of both species on diets of this formulation followed the same 


pattern as on low casein, dextrin-containing diets. If ‘fat and vitamin free’ casein 
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was used Schistocerca grew comparatively poorly, whereas with ‘light white soluble’ 
casein growth was quite satisfactory. On the other hand Locusta grew equally 
badly with both grades of casein, few hoppers surviving beyond the third instar 
Evidently sensitivity to the deficiency associated with the use of casein as the only 
protein differs considerably in the two species, and Locusta would clearly be a 
more suitable test animal for future work on this problem. 

Formulation of a diet with amino acids in place of protein was long delayed in 
the hope of finding why casein alone was inadequate. It seemed doubtful whether 
amino acid mixtures of the sort used successfully with other insects would suffice 
for these have usually been designed to have the proportions of amino acids 
shown by the analysis of casein. However, as the problem of casein inadequacy 
remained intractable it was eventually bypassed and an ad hoc mixture of nineteen 


amino acids was tested as a substitute for protein 


TABLE 11—THE COMPOSITION OF DIETS USED IN EXPERIMENTS WITH AN AMINO ACID MIXTURI 
IN PLACE OF PROTEIN 


Cellulose powder (Light & Co. chromatographic) (¢ 
Cholesterol (mg) 

Linoleic acid (B.D.H. technical grade 
§-Carotene (Light & Co. syntheti 
Salt mixture (Glaxo’s DL-6) (g 
Ascorbic acid (mg) 

Vitamin mixture* in 20 

sucrose (gg) 

Dextrin, white (Hopkins & W 
Casein (B.D.H. fat and vitamir 
Bacteriological peptone (B.D.H 

Egg albumer powder (B.D.H 

Amino acid mixture g 


owing concent 


Me 


( 
Glutami 


Glycine ; Valine 


he composition of this mixture is shown in lable 11. In devising it, there 


seemed no compelling reason to follow rigidly the published analysis of any single 


protein as previous workers had done, for suc h analyses may be liable to considerable 
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error, and in any case natural food is likely to contain a variety of protein 


species. ‘The particular proportions arrived at were therefore, in detail, a matter 


of convenience in weighing out components. However, casein-type mixtures of 
the sort which stem from the work of House (1949) were broadly followed, but 
with the amounts of basic acids, particularly arginine, considerably increased 
\ mixture of this sort, based on analyses of a vegetable (cotton-seed) protein, had 
been satisfactory for the growth of the cotton boll worm Pectinophora (VANDERZAN1 
et al., 1957), and it was deemed prudent to allow for the possibility that locusts, 
likewise phytophagous, might benefit from a mixture having more the characteris- 
tics of a plant protein than those generally used with other insects 

l‘o test the amino acid mixture a basal diet having the composition given in 
lable 11 A was used. Although essentially similar to the standard basal diet used 
hitherto, increased amounts of linoleic acid, ascorbic acid, and meso-inositol 
were incorporated to ensure that the levels of thes« components came well above 
the minimal concentrations indicated by previous work (Dapp, 1960a, b, 1961a) 
Carbohydrate was supplied entirely as sucrose, so that with the amino acids in 
place of protein a completely defined diet was obtained (Table 11 B). In addition a 


) 


I Ld (;ROWTH DATA FOR GROUPS OF HOPPERS OF Schistocerca REARED ON SYNTHETI 
DIET CONTAININ( 4 MIXTURE OF AMINO ACIDS IN PLACE OF PROTEIN 


Vlean weig n if groups of hopper Adults 
eT | I brackets it These obtained Hoppers 
l'reatment Exp ime hatching alive at 6 
days to be- 


come adult 


Aborts 


Diet wit! 


proteins 


Diet with 


» acids 


rw 1746 (5 1755 
660 1409 (6 1596 | 


somewhat modified amino acid diet was tested. In this (‘Table 11 C), the salt mixture 
was reduced to the minimal level which had allowed satisfactory growth in the 
experiments referred to earlier in this paper, and three-quarters of the sucrose was 


replaced by dextrin; the aim of these modifications was to counter to some extent 
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the overall increase in osmotically active material brought about by the substitution 
of amino acids for protein. Growth data from experiments in which Schistocerca 
ind Locusta were reared on these three diets and on grass are given in Tables 12 
and 13 


ABLE 13—~(G;ROWTH DATA FOR GROUPS OF HOPPERS OF Locusta REARED ON SYNTHETI: 
CONTAINING A MIXTURE OF AMINO ACIDS IN PLACE OF PROTEIN 


f groups ot hoppers 
1 brackets) at these 


Diet wit 


Table 


Diet with amino 


icids (Table 11 B 


Diet with amino 
acids and low sugar 


ind salt (Table 11 ¢ 


I resi grass 


Schistocerca was able to complet development on both amino acid diets, 
although at a considerably retarded rate of growth and with a lower weight at the 


adult moult. However, the percentages of young hoppers to become adult were 


of the order obtained with protein-containing synthetic diets. No apparent 


advantage was gained by reducing the amount of sugar and salt mixture, and this 


may be taken to indicate that Schistocerca is not adversely affected by a diet of 


abnormal osmotic acitivity. Locusta on the other hand failed to grow bevond the 
third instar on either amino acid diet. In this respect, it differed from Schistocerca 
as pronouncedly as it had in relation to growth on ‘casein only’ diets. It was thus 
possible to rear Schistocerca to the adult Stage on a complet lv defined synthetx 
diet (‘Table 11 B) but not so Locusta 

he inclusion of a grass control in this final experiment was intended to afford 
some indication of the extent to which performances on the best synthetic diet 
available as a result of these studies (Table 11 A) approximated to growth and 
development on a natural food. Unfortunately the results with grass were unusually 
poor and give the impression that Schistocerca did as well, and Locusta better, on 
the synthetic diet. ‘This anomaly was probably due to the poor quality of the 
grass available at the time of the experiment (July-August of the droughty 
summer of 1959), but it serves to emphasize that the larval growth of both 
species on a synthetic diet is within the range of performances afforded by a 


natural plant food 





R. H. Dapp 


GENERAL DISCUSSION 

lhe mineral nutrition of insects is a much neglected field, doubtless largely 
because of difficulty of preparing synthetic diets of defined inorganic content 
Apart from the possibility of significant impurities in the chemicals incorporated 
in nutritional salt mixtures, few organic components of diets are likely to be 
entirely free of salt contamination. Furthermore, for diets incorporating salt 
mixture in which particular radicals may be provided by several salts, the 
difficulties involved in altering the amount of any single radical without unduly 
disturbing the portions of those remaining are complex 

Most studies on the inorganic requirements of insects have been limited to 
determining the optimal level for a salt mixture as a whole, using in most cases 
mixtures satisfactory in mammalian nutrition. Generally speaking, levels of salts 
in the range 1—5 per cent of the dry components of the diet have been adopted, 
although for the dipterous larvae Pseudosarcophaga and Phormia the minimal 
requirement was considerably less (House and BarLow, 1956; Brust and 
FRAENKEL, 1955). For the lepidopterous larvae Pyrausta and Pectinophora and 
the cockroach Blattella the minimal requirement of Wesson’s salts was not less 


than 2, 5, and 4 per cent respectively of the dry components of the diet (Beck ef ai., 
1949: VANDERZANT and Rerser, 1956; NoLanp ef al., 1949a, b). Tribolitum 
(Coleoptera) needed at least 1 per cent of salt mixture No. 2 U.S.P.XIII in a dry 


diet for optimal growth; 8 per cent had no adverse affect, and as much as 15 per 
cent retarded growth but slightly (Huor et al., 1957). The two species of locust 
dealt with here have a minimal requirement similar to that of Triboltum and 
likewise appear to tolerate large excesses without impairment of larval growth 

House and BarLow (1956) found an optimum ratio of K ions to total salt for 
Pseudosarcophaga which was higher than that usually provided in mammalian 
nutritional salt mixtures. 7ribolium, on the other hand, was unaffected by consider- 
able increases in the individual concentrations of Mg, Ca, and K in excess of the 
minimal requirements (Huot et al., 1958). In this work a salt mixture having a 
high K ratio akin to that of plant ash was of no apparent benefit to locusts, and 
this suggests that, like 7rzbolium, they are insensitive to variations in ion ratios as 
well as to the gross proportion of salts in the diet 

Ihe ability of Schistocerca and Locusta to tolerate excessive concentrations of 
dietary salts is perhaps a little surprising in view of the toxic effect of dilute KCI 
solutions on the red locust Nomadacris (CHAPMAN, 1958), and the deleterious 
affect on larval growth and survival of high levels of phosphorus in the food plant 
of the grass hopper Melanoplus (Smiru, 1960). ‘This latter finding is of ambiguous 
significance, as growth effects correlated with changes in the mineral content of 
food plants may equally well be caused by concurrent changes occurring in othe 
nutrients (FRIEND, 1958). Be that as it may, in both these cases of adverse growth 
the concentration of dissolved salts taken into the gut was predetermined, 
whereas with water supplied ad /ib., the concentration of dissolved salts in 
the gut of the locusts would have depended in part on the amount of water 
taken, and could therefore have been adjusted independently of the dietary 





THE NUTRITIONAL REQUIREMENTS OF LOCUSTS—\ 141 


concentration of salt muxture This might partly account for the high salt 
tolerance observed 

For practical purposes this high tolerance makes it reasonable to anticipate that 
should the elimination of particular radicals for the purpose of studying their func- 
tion necessitate alterations in other components of a basic salt mixture, such 
ancillary changes might be tolerated without affecting growth. A manipulation of 
the major radicals similar to that which allowed the optimal Mg, Ca, and K 
requirements of Tribolium to be determined (Huor ef a/., 1958) might in these 
circumstances be expected to yield comparable information. Such a study would be 
greatly facilitated if the simplified salt mixture referred to in this paper proved to 
be as satisfactory over the entire growth period as it was for the first three instars 

On considering the experiments concerned with protein simplification it is 
clear that diets containing purified casein as the only protein are inadequate, but 
little light is cast on why this should be so. Neither additional known vitamins 
nor augmentation with amino acids which have been supposed to be in short supply 
in casein afforded any improvement in growth 

Ihe idea that casein might be poorly digestible by locusts, especially Locusta 
came to mind too late for experimental assessment. A comparison of the relative 
ability of enzyme preparations of the midgut tissues of Schistocerca and Locusta 
to hydrolyse various protein substrates might clarify this question. ‘The digestive 
proteinases of mammals are well known to have distinctive substrate specificities 
(BERGMANN and FruToN, 1941) and there is some evidence that the proteoclastic 
properties of insect proteinases vary with different substrates (WATERHOUSE and 
Day, 1953). Yet it may be doubted whether variable digestibility could wholly 
explain the differing efficacy of the proteins dealt with here, for the results obtained 
with purified casein and the amino acid mixture were very similar; in both cases 
Locusta grew very little and Schistocerca, although retarded in growth, completed 
development, and this suggests that factors other than indigestibility were involved 

lhe hypothesis which led to the use of mixed protein was that the amino 
acids of casein might be unbalanced for locusts, partial replacement by albumen 
and peptone being intended to favour the correction of such an imbalance. Several 
authors have stressed the gross effects on growth which quite moderate changes in 
the amino acid composition of diets often have (VANDERZANT ef ai 
et al., 1957: Davis, 1959), and the differences mn the growth of 
well find their explanation in these terms alone, if, 1 
and albumen used significantly altered the amino acid proportions of 


predominantly casein-containing muxture Lacking data on the amun 


composition of peptone the extent of the change cannot be computed. However 


it can be envisaged that the effect of albumen and peptone on the overall available 
amino acid proportions might be enhanced should casein be only partially, or more 
slowly, digestible. A somewhat similar hypothesis has recently been discussed in 
connexion with the improvement in the growth of onion maggots brought about 
by the addition of preparations of disrupted bacteria to aseptic synthetic diets 


(FRIEND et al., 1959) 
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Failing a satisfactory explanation in the foregoing terms one is thrown back 
on the postulation of ‘unknown growth factor’ or unrecognized phagostimulants. 


\ special class of the former which may have a particular bearing on protein 


inadequacy is substances having strepogenin activity, the active components of 
which are certain short polypeptides (WOOLLEY, 1946a, b; WooLLey and 
MERRIFIELD, 1958) It has been stated that strepogenin (also here referred to as 
vitamin ‘l’) accelerated the development of Anopheles larvae and affected caste 
determination in the ant, Pheidole (Levinson, 1955). In that peptone and albumen 
might be expected to increase the range of peptides available, the possibility that 
locusts might require specific polypetides should be borne in mind 

\n interesting speculation that short polypeptides occurring in growing plant 
tissues might have some affect on the feeding behaviour of phytophagous insects 
was put forward in a recent study of the phagostimulant effects of amino compounds 
on Pyrausta larvae (Beck and Hanec, 1958). However, as tests with Schistocerca 
hoppers gave little evidence that the peptone used in compounding synthetic diets 
had phagostimulant properties (Dapp, 1961b), it is unlikely that behavioural 
considerations of this sort enter into the problem 

Unknown factors must still be invoked to account for the sub-optimal growth 
of many insects when reared on synthetic diets. A need for them usually becomes 
apparent during the development of refined diets when yeast is replaced by vitamins, 
casein by amino acid mixtures, or, in the case of some phytophagous species, when 
the attempt is made to omit leaf preparations (TRAGER, 1953; LipKE and FRAENKEL, 
1956; Frienp, 1958). ‘The possibility that the yeast factor is multiple and may 
include a proteinaceous component is indicated by many studies (Stripe, 1953; 
FRIEND et al., 1959; CHARBONNEAU and LEMONDE, 1960), and similar considera- 
tions apply to the leaf factors that are required by phytophagous species (Beck, 
1953; Kreasky, 1960). In so far as locusts have not grown on synthetic diets so 
well as they do on natural plant food, and more particularly have failed to mature 
and reproduce, it seems most probable that they require substances as yet undefined 


occurring in natural food plants. 


SUMMARY 

(1) The growth of Schistocerca and Locusta on the standard diet to which 
water soluble chlorophyll paste had been added was studied. No improvement on 
augmentation with chlorophyll was apparent 

(2) Pure linoleic or linolenic acids fully satisfy the unsaturated fatty acid 
requirement of Locusta. A preparation of arachidonic acid partially satisfied this 
requirement, but owing to its low purity it was uncertain whether this was due to 
arachidonic acid as such or to comtaminants. 

(3) The growth of Schistocerca and Locusta was studied with various levels of 
two different salt mixtures in the diet, one (Glaxo’s DL-6) a standard mammalian 
nutritional mixture and the other (‘T'anton’s) specially designed to approximate to 
the composition of plant minerals. For both mixtures the minimal requirement 
lay between | and 2 per cent of the diet, and high amounts up to 10 per cent 
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were well tolerated. A curtailed experiment showed that both species grew as well 
during the first three instars on a very simple mixture of only four salts as on 
either of these complex mixtures. It would appear that locusts are insensitive to 
large absolute and relative changes in the inorganic components of the diet, and 
this should facilitate the study of their requirements for individual radicals. 

(4) Both Schistocerca and Locusta grow satisfactorily on diets containing a 
mixture of casein, albumen, and peptone. Schistocerca grows poorly on diets 
containing ‘fat and vitamin free’ casein as the only protein, although in some trials 
it could complete development; with less refined caseins, particularly the grade 
‘light white soluble’, it grew as well as on the diets containing the mixture of proteins. 
Locusta, on the other hand, grew very poorly on ‘casein only’ diets whatever the 
grade of casein, and rarely developed beyond the third instar. Attempts to improve 
growth on ‘casein only’ diets by augmentation with additional vitamins or amino 
acids which might have been deficient in casein were all negative 

(5) A similar distinction between the two species was found in their ability to 


grow on diets containing an amino acid mixture in place of protein. Schistocerca 


could complete development, although at a reduced rate of growth, but Locusta 


failed to survive beyond the early instars. It was thus possible to rear Schistocerca 


to the adult stage on a completely defined diet, but not so Locusta 
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Abstract Che eggs of the mite Petrobia latens have an external coating of hard wax 


Differences in the amount of this material and in the oviposition behaviour of the female 
re responsible for the markedly dissimilar appearance of the non-diapause and 


liapause eggs. Mites laying non-diapause eggs rapidly raise the tip of the abdomen 


lrawing the meagre deposit of plastic wax precursor into 


A spine Those laying 
diapau e erg 


gs secrete a more liberal quantity of wax and remain for 
vith the everted genit il canal in contact with the egy The 


bears e impress of the canal 


ome moments 


resulting cap-like structure 


The complete wax envelope f the diapause egg consists of in impermeable cap and 
derlying porous component surrounding the ovun he air spaces in the latter 
te with the exterior onl it a pormft in the middle of the cap. Since the w 


s probably an effect: 


“aA 
e waterproofing agent, this restricted opening to the 


‘aeroscopK 
ponge no loubt functions a i devi 


e for lumiting evaporation while at the same time 


free permitting the uptake of oxygen The eggs, which are often laid on stones, are 


exposed to a relatively dry microclimate 
Some of the properties of the wax have been noted. It melts at ca. 165°C and 


dissolves in hot benzene but not in cold wax solvents. It is suggested that the wax 


molecules undergo polymerization after secretion 


INTRODUCTION 


‘THE cosmopolitan spider mite Petrobia latens occurs in Europe, North Africa, 
North America, and Australia (BAKER and PritcHarb, 1953). Although the 
usual host plants are wild grasses, it has been recorded as a pest of wheat and other 
cereals, onions, iris, as well as of some dicotyledonous plants (Masser, 1944; 
REYNOLDs and Swirt, 1951). Perhaps the most remarkable feature of mites of this 
genus relates to their eggs and mode of oviposition. ‘The former are not deposited 
on living vegetation but are laid either on soil particles or on any solid, dry objects 


that happen to lie amongst the food plants. As the generic name implies, these 


are often pebbles or stones, specimens with crevices suitable for the insertion of 
the eggs being particularly favoured 

Like certain other Tetranychid mites, Petrobia lays both non-diapause and 
diapause eggs. But whereas in some genera these ‘summer’ and ‘winter’ eggs are 
very alike in general appearance, this is by no means true of Petrobia (FENTON, 
1951). ‘The cherry-red non-diapause eggs, which develop in about 7 days at 25°C, 
are sub-spherical, lightly ribbed, and are surmounted by a tapering ‘whisker’. On 
hatching, the shell fractures near the equator (Fig. 1 A, B). In these respects there 
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is a marked resemblance to the eggs (summer and winter) of Panonychus ulmi Koch 
(BEAMENT, 1951). On the other hand, the glistening white diapause egg consists of 
a basal rounded portion (which reveals the contours of the ovum) and an expanded 
cap. The top of the cap bears twenty to thirty distinct ridges extending radially to 
the rim from a small elevated ‘boss’ in the centre (Fig. 1 C, b) 

Che structure of the egg covering has been studied in greater detail by disse« 
tion, by treatment with solvents, and by impregnation with cobalt sulphide Ihe 
latter method has, of course, proved most valuable in revealing the submict 
air spaces in insect eggs (WIGGLEsworTH, 1950; WiGGLesworTtH and Bea 
1950) 


STRUCTURE OF THE SHELI 


[he outer coverings of the non-diapause Petrobia egg are very similar to 
of the Panonychus egg, as described by Beament (1951). The external con 
ponent consists of a thin layer of hard wax (m.p. ca. 166°C) from which the apical 
spine is largely fashioned This invests the inner ‘shell’ layer which, in tur 
encloses the ovum Although the ‘shell’ membrane is Millon-negative, it is 
presumably composed of lipoprotein since it dissolves in concentrated nitric acid 
with the liberation of oily droplets. Whether the intervening ‘cement layer’ of 
Panonychus is also present has not been determined No well-defined au 
spaces could be distinguished in the shell after exposing the eggs to cobalt 
naphthenate im vacuo and gassing with hydrogen sulphide 

he homologous layers are present in the winter egg. But the distinctiv: 
appearance is caused by the relatively enormous quantity of wax in the outer layer 
as well as by its complex structure. The opacity of the cap is due to the presence 
of air. This can readily be demonstrated by applying a light mineral oil to the cap 
the latter instantly becomes translucent as air is displaced 

he structure of the external wax layer can best be appreciated by impregnating 
with cobalt sulphide, mounting in paraffin, and viewing from the side (Fig. | E) 
‘T'wo more or less distinct components can then be made out. The first forms a 
layer of variable thickness closely investing the ‘shell’ membrane. Although very 
thin round the base of the egg, this layer is « xpanded into a substantial dome-like 
structure under the cap (Fig. 1 E, a). The apex of the dome actually protrudes 
through the centre of the cap and forms the ‘boss’. ‘The second component is the 


envelope which forms the outer part of the cap, including the rim and ribs. It will 


be noted that the black deposit of cobalt sulphide is mainly confined to the dome, 
the degree of cavitation being particularly pronounced in the region of the boss 
(Fig. 1 E, b). In contrast, the outer wax envelope appears to be devoid of ai 
spaces, although there is an extensive air ‘reservoir’ between the envelope and the 
surface of the dome (Fig. 1 E, g). ‘These observations seem to indicate, therefore, 
that the air sponge is in direct communication with the external environment only 
in the region of the boss 

The manner in which the egg hatches is consonant with its structure. The 


point of fracture of the shell layer is rather closer to the pole than in the summer 
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egg and occurs at a point where the wax dome is becoming attenuated (Fig. 1 E, 
arrows). The mite escapes by pushing aside the detached dome, with its small 
adherent circle of shell membrane. The ribbed and frilled portion of the cap 
envelope is often left almost intact (Fig. 1 D) 


—————eEEE7 - = 


0-1 mm 


\, B, unhatched and hatched non-diapause egg 


EK, diapause egg viewed in optical section 


centre of cap; c, rim of cap; d, ‘shell’ layer; e, point of 


ir reservoir between cap and dom« 


‘he properties of the waxy material appear to be identical with those of the non- 
diapause egg wax. When an egg cap is heated in a capillary it melts sharply at 
165°C. On cooling, the previously porous structure is lost: and the material then 
solidifies to form a homogeneous, translucent mass. It is insoluble in cold wax 
solvents such as benzene, chloroform, and octane—octyl alcohol mixtures; but it 
readily dissolves in hot benzene and chloroform. It is insoluble in ethanol—a 
shellac solvent 

When all the outer wax has been dissolved away from the winter egg, the inner 
‘shell’ layer, enclosing the now spherical egg, is seen to be surrounded by a further 


wrinkled membrane. As the properties of this layer have not been examined in any 


detail, it remains uncertain whether this is the homologue of Beament’s cement 
laver in Panonychus 
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THE OVIPOSITION ACT 

When laying a non-diapause egg Petrobia exhibits the same behaviour pattern 
as Panonychus. This has been described by Breament (1951) and SNteper- 
BERKENBOSCH (1955) he genital canal is first everted ventrally. As soon as the 
egg appears at the extremity it is firmly applied to the substratum. Almost 
immediately the female raises the tip of the abdomen, thereby drawing the super- 
ficial wax coating, while still in a plastic state, into the apical filament. 

Mites laying diapause eggs behave differently. After depositing the red, sub- 
spherical egg on the substratum they remain for some minutes with the abdomen 
horizontal and with the everted ovipositing pouch poised over the apex of the egg 
During this period the wax precursor, a clear viscid material, can be seen exuding 
from the pouch. Some of the material appears to flow sluggishly down the sides of 
the egg but most of it collects on the dorsal surface. ‘The cap is formed in a manner 
analogous to the impress of a seal in sealing-wax. The central boss corresponds 
to the lumen, and the ribs to striae which are distinguishable on the inner walls of 
the everted pouch. The rim, which is sometimes raised, is formed from excess 
wax lying outside the circumference of the pouch. By disturbing the mite during 
the act of oviposition, eggs are produced with a finished dome but with an other- 
wise incomplete cap. These structures are therefore formed successively 

After wax secretion has ceased, several minutes elapse before the abdomen is 
withdrawn. By this time the initial plasticity has been lost and the ovipositing 
pouch can be pealed off cleanly. At this stage the egg is still translucent, but a 
minute or so later air ‘flashes’ through the wax cover and the whole structure 
becomes opaque. This process can sometimes be initiated by touching the cap 
with a needle. A similar effect is produced when air-filled eggs are dipped in 


benzene and the solvent allowed to evaporate 


THE NATURE AND FUNCTION OF THE OUTER WAX ENVELOPI 

It is well known that the hard waterproofing insect waxes consist principally of 
saturated even-numbered paraffins and alcohols with a chain length ranging 
perhaps from C 16 to C 36 (CHIBNALL et al., 1934; BEAMENT, 1945). ‘The melting 
point varies according to the species but usually lies within the range 30-80°C 
(Br AMENT, 1959) There is evidence that these waxes are secreted in solution Lhe 


solvent, which is volatile, may indeed consist of lower members of the same 


aliphatic series, particularly those with a chain length of C 8 to C 10 (BEAMENT, 


1955). 

No doubt the Petrobia wax is solubilized in similar fashion. Nevertheless, 
the subsequent loss of solubility in octane—octyl alcohol and benzene seems to 
indicate that further changes of an irreversible nature take place in the secreted wax. 
Similar post-secretion changes probably occur in the waterproofing wax liberated 
by Géné’s organ in the tick Ornithodoros moubata (Lees and BEAMENT, 1948). Hot 
chloroform extracts of the egg shells of this species yield two fractions, a soft yellow 
grease and a hard white wax which is insoluble in cold chloroform and melts at 
107°C. It may well be that the initial product polymerizes, leading to the formation 


10 
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of very long, and perhaps branched, hydrocarbon chains (BEAMENT, personal 
communication). This would, of course, account for the high melting point. 

In addition, cavitation might be expected to occur in the wax mass if the polymer 
structure was sufficiently rigid to withstand collapse after the evaporation of the 
solvent. In this connexion, a particularly interesting structural feature is the differing 


porosity in the various regions of the wax envelope. The secretion appears to be 


homogeneous; but since the dome and cap are formed successively it is by no 
means certain that the composition, and particularly the proportion of wax to 
solvent, remains constant. A higher solvent content would then favour a greater 
degree of cavitation. 

The possible function of the waxy envelope is also of considerable interest. 
BEAMENT (1951) has shown that the homologous layer in the Panonychus egg 
serves at most as a temporary waterproofing structure since it is incomplete at the 
point of contact with the substratum. The principal waterproofing agent is laid 
down in the inner side of the ‘shell’ layer of the ovum or embryo shortly before, or 
shortly after, the egg is laid. Whether a corresponding material is present in 
Petrobia is uncertain. However, the complexity and extent of the outer wax 
envelope in the diapause eggs suggest that this component must also play a 
significant role in retaining water. Although the layer is certainly very thin at the 
moment of oviposition, the covering is probably complete and no doubt causes the 
egg to adhere to the substratum. But in addition, it will be recalled that the eggs 
are laid on such relatively impermeable objects as stones, and that the wax 
subsequently flows round the sides of the egg, forming an excellent seal 

In all arthropod eggs the shell structure must be such as to reconcile the 
opposing demands of water retention and respiration. It is believed that the outer 
wax envelope in Petrobia represents one such evolutionary compromise. If the 
wax indeed forms a cover of impermeable materal, its continuity is only interrupted 
in the region of the boss. Although this small aperture would certainly reduce the 
efficiency of waterproofing, it should still retain a considerable degree of effective- 
ness. At the same time, the thickness of the wax would undoubtedly impede the 
uptake of oxygen were it not for the presence of this opening which provides free 
access to the ‘aeroscopic sponge’. ‘The necessity for additional protection against 
desiccation may well be dictated by the type of life cycle and by the microclimate 
of the oviposition sites. 

Diapause in Petrobia latens is not controlled by photoperiod, as it is in 
Panonychus ulmi (Lees, 1953). Indeed, in this respect the former seems to resemble 
the related North American species P. apicalis in which no close connexion can be 
traced between environmental stimuli and the onset of diapause (ZEIN-ELDIN, 
1956). ‘The controlling factors are uncertain. But the relevant point in the present 
context is that long photoperiods in summer do not prevent the occurrence of 
diapause. Under English conditions some diapause eggs are laid as early as the 
beginning of June, probably by first-generation mites. The diapause period may 
then extend to 10 months. As the stones which provide the oviposition sites absorb 
solar radiation much more readily than vegetation, the eggs themselves must be 
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exposed periodically to exceptionally high temperatures and low ambient 


humidities. 
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Abstract—‘Short-day’ treatment in Leptinotarsa inhibits the activity of the corpora 
allata. This is correlated with a standstill of ovarian function, a low rate of oxygen 
consumption, and the characteristic ‘digging’ behaviour of the beetle entering 
diapause. ‘The same syndrome may be produced by surgical removal of the corpora 
allata. However, whereas allatectomy-diapause is easily reversed by implantation of 
two to four active corpora allata, this leaves normal (short-day) diapause unbroken 


1. INTRODUCTION 


IN a former paper (DE WILDE et al., 1959) we dealt with the influence of external 
factors on the incidence of diapause in Leptinotarsa. It was shown that the state of 
ovarian activity (standstill of yolk deposition, odsorption) strongly suggested that 
the corpora allata would be inactive during diapause. 

We also have shown briefly (DE WILDE and STeGwee, 1958) that the low level of 


oxygen consumption in diapausing beetles is related to the inactive state of the 


corpora allata. Moreover, we were able to produce diapause behaviour in female 
beetles reared under long-day conditions by means of allatectomy. 

In the present paper we will give a more complete experimental proof for the 
endocrine origin of diapause in the Colorado beetle. ‘To this purpose, the effect of 
‘long day’ and ‘short day’ treatment on behaviour, ovarian development, and size 
of the corpora allata will be compared. Secondly we will study the effect of 
extirpation of the corpora allata on oviposition and behaviour of the adult beetle. 

In conclusion, we will compare the effect of implantation of active corpora 
allata in beetles under allatectomy-diapause and normal (short-day) diapause. 


2. METHODS 
Beetles were reared ab ovo under 10 and 18—20 hr photoperiods at temperatures 
around 25°C. In the first category, diapause occurs for 100 per cent, in the second 
category for only 20-30 per cent of the population (DE WILDE et al., 1959). 
Before dissection, the beetles were decapitated under ether narcosis and 
immersed in Levy solution in a wax basin. Drawings of the circumference of the 


* Part of the experiments were made by Mrs. C. S. Maas GeesTeraANus-DUuINTJER 
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corpora allata and ovaries were made immediately after dissection under micro- 
scopic enlargement by means of a Zeiss drawing mirror while the organs were 
placed in a hollow object carrier and immersed in a drop of Levy. The surfaces, 


representing the largest cross-section, were measured by means of a pole planimeter 


©0."_ 





Fic. 1. Method of fixing the Colorado beetle for allatectom Specially constructed par 


of pincers is shown that is used to bend the head at an angle of 90 


\llatectomy was performed in the following way: After being etherized for 
precisely 2 min, the beetles are immersed in Levy solution in a wax basin. The 
head is clamped in the instrument shown in Fig. 1, and bent to an angle of 90 
with the body axis. ‘The cervical membrane is now stretched to the utmost. It is 
split in the median line, the cervical muscles are transected and the fragments of 
fat body removed. 

The haemocoel of the head is now strongly illuminated and put into focus 
When operating carefully, the bluish-white corpora cardiaca are rendered 
visible. When these are taken by forceps, usually the corpora allata are also 
removed. This technique had been followed in the experiments dealt with by 
pe WILpE and SteGwee (1958). In the present series of experiments we were able 
to remove the corpora allata, leaving the corpora cardiaca intact 

The result of all operations was controlled microscopically afterwards 
Implantations of active corpora allata were made by means of the Ephrusi and 
Beadle technique (EpHRus! and Beapie, 1936). Usually the glands were placed 


under the ventral membrane between pro- and mesothorax 


3. EFFECT OF PHOTOPERIOD ON OVARIAN DEVELOPMENT AND SIZE OI! 
CORPORA ALLATA 


Sixteen adult beetles, seven of which were females, had been reared ab ovo 


under a 10 hr photoperiod and were kept under the same condition. ‘wenty-eight 
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beetles, of which sixteen were females, were obtained from an 18 hr culture. Six- 
teen days after emergence the beetles were dissected. At this time, all beetles of 
the 10 hr and three of the 18 hr culture had entered diapause. 

\ sample of six ovarioles was taken from each of the two ovaries of each beetle. 
These ovarioles were drawn and measured, as well as the two corpora allata. Of 
the ovarioles only the germarium was measured. The differences between the 
vitellarium and the largest ovum in each of the two groups were so clear that the 
images suffice 


The data obtained are given in ‘Table 1 





Imm 


Fic. 2. Random sample of ovarioles of beetle reared under an 18 hr photoperiod 
Developing ova are visible in different stages. Numbers indicate surface of plane projection 
of germarium in mm*/3600 


Figs. 2 and 3 give an impression of the shape of the ovarioles in random samples 
taken from both long- and short-day beetles. Fig. 4 gives a full account of the 


largest cross-sections of the corpora allata in both males and females of the experi- 
ment mentioned above 
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he general picture of the ovarioles in active and diapausing beetles has been 
mentioned in a former paper (pe WILDE et al., 1959) 


After it appeared, BoNHAG 
(1959, personal communication) directed our attention to the fact that the 


germarium of Leptinotarsa probably closely resembles that of Tenebrio, which 
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according to SCHLOTTMAN and BoNnuwacG (1956) is filled with nutritive cells, the 
odcytes being limited to the basal part. We have indeed obtained histological proof 
that this is true in Leptinotarsa. It now appears that the nutritive cells are much 
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enlarged in ‘long-day’ beetles. This accounts for the remarkable increase in size of 
the germarium of these beetles as a whole 
Correlated with the increased ovarian activity we observed an increase in 
volume of the corpora allata. It will be noticed from Fig. 4 that also in the 
diapausing males the corpora allata are significantly smaller than in the active state 
In Fig. 5 the results of the above-named measurements are represented 
graphically. ‘This graph demonstrates again that the germaria and corpora allata 


of long- and short-day beetles belong to distinctly different statistical populations 


4. REMOVAL OF POSTCEREBRAL GLANDS AND OF CORPORA ALLATA ONLY 

In the experiments to be described here, both corpora allata and corpora 
cardiaca were removed following the technique described under ‘Methods’ 
Operations were always made on long-day (20 hr) beetles within 1 day after adult 
emergence. The results were compared with the effect of a 10 hr photoperiod 

\ total of twenty-two male and eighteen female beetles were successfully 
operated. Their behaviour is shown in Fig. 6. As a comparison, forty-six beetles 
were given a short-day (10 hr) treatment. Of these beetles twenty-six were not 
operated, whereas in twenty beetles only the neck membrane and cervical muscles 


were transected. These two control groups behaved very much the same 
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Both short-day treatment and allatectomy resulted in diapause, but surprisingly 
enough, in the last case with a much greater delay of time. We will deal with this 
under ‘Discussion’. None of the allatectomized females ever oviposited. 
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The question now presented itself as to the separate effects of corpora allata and 
corpora cardiaca. There were two reasons for considering the removal of the 
corpora allata as relevant. 

In the first place, it was shown that the transected neurosecretory tract (nervi 
corporis cardiaci laterales and mediales are fused in Leptinotarsa) in the course of 
2-3 weeks forms a new bulb-like structure with a bluish-white appearance. Histo- 
logical details of this corpus cardiacum-regenerate will be published later; it may 
suffice that its lamellar inner structure and thin outward membrane seem to render 
it suitable for the release of neurosecretory substance. 

In the second place, only re-implantation of active corpora allata may reverse 
the effect of removal of the postcerebral glands. This will be dealt with in the 
following section. Definite proof was had by allatectomy. Operating very carefully 
we succeeded in removing only the corpora allata. Of twelve beetles which survived 


TABLE 2—TIME RELATIONS BETWEEN OPERATION AND EFFECT IN TWELVE CASES OF ALLATEC- 
TOMY AND SUBSEQUENT REACTIVATION BY IMPLANTING FOUR ACTIVE CORPORA ALLATA 


The rate of egg production (during 2 weeks) immediately following reactivation is shown in 
the last column 
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the operation, all entered diapause within 12-27 days (Table 2). These insects 
survived the operation for up to 157 days at room temperature. None of them ever 
resumed activity. 


5. IMPLANTATION OF CORPORA ALLATA 

(a) During allatectomy-diapause 

\ series of thirteen females, of which the postcerebral complex had been 
removed successfully, were implanted with four active corpora allata and corpora 
cardiaca obtained from ovipositing long-day females. The results are given in 
Fig. 7. 

As is shown in this figure, all of the females thus treated left the soil and started 
egg-laying. Some of them did so for 6 weeks, which is a normal oviposition period 
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Fic. 7. Egg production of beetles which had entered diapause after removal of the 
postcerebral complex and subsequently reimplanted with two active corpora allata obtained 


from ovipositing females 
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for long-day females of 25°C. One beetle, No. D, produced 1243 eggs, a pro- 


ductivity equal to that in normal beetles under Dutch summer conditions. Digging 


behaviour, characteristic of diapausing beetles, ceased within 1-2 days after 
I 


re-implantation and oviposition started after 5—12 days. 

In ‘Table 2 an experiment is shown in which a number of females were first 
subjected to allatectomy, the corpora cardiaca being left intact. From 1-3 days 
after the operated beetles had entered the soil four active corpora allata were 
re-implanted. It appeared that within these limits the length of the period between 
the beginning of diapause and the moment of re-implantation had no effect on the 
speed of reactivation nor on the rate of oviposition. Implantation of isolated 


corpora cardiaca in no case resulted in reactivation. 


(b) During natural (short-day) diapause 


During 1960, three groups of female beetles were brought into diapause 
by rearing them under a 10 hr photoperiod, and after becoming soil- 
positive, were implanted with a varying number of active corpora allata obtained 
from ovipositing females 

Group I consisted of seven females which had become soil-positive 14 days 
before implantation. Each beetle was implanted with five to six corpora allata and 
corpora cardiaca. Fifteen days after implantation six beetles were still soil-positive, 
one negative 

Group II consisted of eighteen females, each of which was implanted with 
four to five corpora allata only. The beetles had become soil-positive 3 weeks 
before implantation. Controls were made from 5 to 8 days after implantation, 
when seventeen of the beetles were still soil-positive, one negative. 

Group II contained eight females, which had become soil-positive 1-7 days 
before implantation. One beetle was implanted with two corpora allata, four with 
four to five corpora allata and corpora cardiaca, and three with five to six corpora 
allata and corpora cardiaca. Controls were made up to 16—31 days after implantation 


when the six surviving beetles all were still soil-positive 


6. DISCUSSION 

In the adult Leptinotarsa the corpora allata not only control egg formation but 
apparently also those special elements of behaviour that are essential to diapause 
The control of yolk deposition by the corpora allata is in accordance with many 
facts in the literature (WIGGLESwoRTH, 1936; JoLty, 1945; ‘THOMSEN, 1942; 
PFLUGFELDER, 1937). A new element is the control of ‘diapause behaviour’ by 
these glands. One may ask if this control is effected via the ovaries or in a more 
direct way on the central nerve system. We hope to deal with this matter in a 
following paper. Suffice it to say here that our preliminary castration experiments 
‘long-day’ female beetles seem to exclude the ‘indirect’ control via the ovaries 
It is of importance here to note that before pupation the fourth larval stage burrows 
into the soil. This is also correlated with a low activity of the corpora allata. 
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Another interesting point is the similarity between allatectomy and ‘short-day’ 
treatment in Leptinotarsa. Both result in the same characteristic behaviour changes, 
arrest of yolk deposition, low rate of oxygen consumption, and, im vitro, low rate of 
succinate oxydation (DE WILDE and SteGwee, 1958). ‘The effect of a 10 hr photo- 
period may be described as ‘pseudo-allatectomy’ in the sense of JOHANSSON (1958). 

It does not seem justified, however, to conclude that diapause in the adult 
Leptinotarsa is merely an endocrine deficiency syndrome of the corpora allata in 
the same way as pupal diapause in the silkworm Hyalophora cecropia is regarded 
as an endocrine deficiency syndrome of the prothoracic glands (WILLIAMs, 1951). 

Firstly, there is the much delayed effect of allatectomy in long-day adult beetles 
as compared with the effect of a 10 hr photoperiod (Fig. 6). ‘This, however, could 
still be due to differences in larval treatment. The allatectomy group had been 
reared previously under a 20 hr photoperiod, whereas the 10 hr group had been 
reared ab ovo under short-day conditions. In fact, in a former paper (DE WILD! 
et al., 1959) we have shown that a similar prolongation of the pre-diapause period 
occurs when adult beetles obtained from ‘long-day’ larvae are exposed to a 10 hr 
photoperiod (/oc. cit., Fig. 3). 

Secondly, the results cited in Section 5(b) clearly indicate that normal diapause 
in contrast to allatectomy-diapause cannot be reversed by implantation of active 
corpora allata. 

This may be explained by assuming: (a) that during diapause the corpora 
allata are actively inhibited by a ‘diapause-hormone’ or (b) that the corpus allatum 
hormone, to activate the beetle, needs a substratum which is lacking during normal 
diapause. 

This question will be dealt with in a subsequent paper 
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method either in the cells or in the lumen of the Malpighian tubules. Small black 
discs, however, become visible in the cells of some of the Malpighian tubules 
(Fig. 1) as a result of staining with silver nitrate as used by Hollande and De 
Galantha Although the exact chemical nature of these discs could not be 
determined, the negative reaction with Benedict’s reagent and with Wigglesworth’s 
method, as also their absence from the lumen of the tubules, provide sufficient 
evidence that these do not contain uric acid. ‘This eliminates the possibility of the 
transmission of uric acid and urates into the gut lumen through the Malpighian 
tubules, unless it be presumed that these substances are present in such low 
concentrations (<0-0065 per cent) as to have escaped detection even by these 
sensitive tests 

Fat body. ‘The large deposit of uric acid reported in cockroaches by CUENOT 
(1895) was present in the urate cells of the fat body. Uric acid spheres (Fig. 2) 
showing radial striations became clearly visible with WIGGLESWoRTH’s (1931) 
method 

Wall and contents of the mid-gut. Negative results were obtained with the wall as 
well as with the contents of the mid-gut of the cockroach 

Wall of ileum and colon. Dissected pieces of ileum and colon (anterior intestine 
according to SNopGRAss, 1935) after their contents had been thoroughly washed out, 
gave a positive reaction with Benedict’s reagent [he sections prepared by th« 
methods of Hollande and De Galantha also revealed the presence of fine granules 


acid (Fig. 3) which could be easily traced right from the cells into the 


Wall of the rectum. Both histochemical and biochemical tests gave negative 
results (Fig. 4) 

Contents of the hind-gut and excreta. Strong positive reaction with Benedict's 
reagent indicated a large amount of uric acid both in the contents of the hind-gut 
and in the excreta 


lhe observations described above are summarized in ‘Table 1. 


P. americana AS SHOWN BY BIOCHEMICAL AND 
}' HISTOCHEMICAL TESTS 


ests employed 
Parts examined 
Benedict | Hollande | De Galantha | Wigglesworth 


Malpighian tubules 

Fat body 

Wall of the mid-gut 

Wall of the ileum and colon 
Wall of rectum 

Contents of the mid-gut 
Contents of the hind-gut 
Excreta 


Positive; Negative ? Doubtful 
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DISCUSSION 

lhe absence of uric acid in the Malpighian tubules of P. americana and its 
presence in large quantities in the fat body are in conformity with the work of 
CuENoT (1895), PHILipTscHENKO (1907), and Faussek (1911). WuiGGLesworTH 
(1932) reported the absence of uric acid from the Malpighian tubules of Leptsma 
saccharina, Forficula auricularia, and Chrysopa perla According to him, the 
Malpighian tubules of these insects contain only fluid matter, and most of the uric 
acid remains stored in the urate cells of the fat body. The excreta of cockroaches, F 
auricularia, and C. perla is, however, reported to contain uric acid (WIGGLESWORTH, 
1932) 

here seems little on record to explain the obvious question of how the uric acid 
finds its way into the hind-gut of the insects mentioned above when it is absent 
from their Malpighian tubules. ‘There appears to be only one reasonable possibility, 
i.e. the uric acid or urates enter directly through some other portion of the alimen- 
tary canal. Some evidence is available from the literature that the mid-gut 
may assist in the elimination of uric acid (ROEDER, 1953). It seems reasonable to 
presume that the small amount of uric acid sometimes present in the mid-gut of 
Bombyx larvae (KUWANA, 1937) and Luctla larvae (WATERHOUSE, 1950) has not 
been collected from the body fluid but has been produced locally as a result of 
tissue metabolism. We, however, feel that the reported presence of uric acid in the 
mid-gut of Gnaptor and Necrophorus (voN Gorka, 1914) and the statement of 
LEIFERT (1935) that in Antheraea the mid-gut acts as an active excretory organ 
helping in the elimination of large amounts of uric acid, urea, ammonia, and 
allantoin should be accepted with caution. Our finding that not even a trace of 
uric acid could be detected either in the wall or in the lumen of the mid-gut of any 
one of several groups of insects examined fully supports WIGGLESWoRTH’s (1953) 


view that in many, if not in all cases, uric acid in the mid-gut ts that which has 


passed from the Malpighian tubule and not directly from the body fluid. In the light 


of these facts we feel convinced that uric acid and urates do not enter the alimentary 
canal of such insects either through the Malpighian tubules or through the 
mid-gut 

Our observations of the presence of uric acid in the wall as well as in the lumen 
of the ileum and colon, and its absence from the entire alimentary canal anterior to 
this region and also from the Malpighian tubules, suggest the possibility that in 
these insects uric acid or urates diffuse from the body fluid into this portion of the 
gut. In fact fine granules of uric acid clearly traceable from the wall of the ileum 
and colon right up to the lumen proves beyond doubt an inward movement 
Further evidence in support of the postulate that besides the fat body, absorption 
of uric acid and urates is limited to this region of the hind-gut of the cockroach is 
provided by their absence from the wall of even the rectum, which as shown by 
WIGGLESWORTH (1932), retains the usual function of absorbing water and certain 
other substances to be restored to the body fluid 

On the basis of his studies on Dixtppus morosus Ramsay (1958) contends that 


excretion in insects involves three contributory processes: diffusion, secretion, and 
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reabsorption. According to him ‘diffusion and secretion’ take place in the tubule, 
the ‘reabsorption’ taking place mainly in the rectal glands. Our observations on 
P. americana fully support RAMsAy’s postulate in so far as the general principles of 
excretion are concerned even though the nitrogenous metabolites are not excreted 
through the Malpighian tubules in this insect. In P. americana it is mainly the 
hind-gut which is concerned with all the three contributory processes; diffusion 
and secretion of the substances including the nitrogenous wastes are confined to its 


anterior region (ileum and colon) while reabsorption takes place as usual through 


the posterior region (rectum) of the hind-gut. METALNIKOV’s (1896) and STEUDEL’S 


(1913) suggestion that only the middle region of the hind-gut of cockroaches helps 
in excretion is also consistent with our findings. ‘This difference in the two regions 
of the hind-gut may probably be due to the presence in the rectum of a more 
selective molecular sieve 

It may not, therefore, be unreasonable to presume that the Malpighian tubules 
of these insects serve chiefly as osmoregulatory organs whereas nitrogenous wastes 
are eliminated by the fat body and the ileum and colon part of the gut. No doubt 
this provides a definite instance where the gut wall in insects retains the general 
excretory function it has in many other groups, but in the present state of our 
knowledge any conjecture 1s not possible with respect to either its evolutionary 
bearing or to the significance of this physiological division of labour 

lhe amount of uric acid in the fat body is so large that it can not be assumed to 
have been produced as a result of the metabolism of fat cells themselves. In this 
respect our views are in agreement with those of WIGGLESWORTH (1953) that the 
storage of uric acid within tissue cells of such insects clearly replaces, temporarily 
or permanently, its elimination by the Malpighian tubules. We are inclined to the 
belief that since the ileum and colon portions of the gut are unable to remove all the 
nitrogenous wastes from the body fluid of the cockroach, its fat body comes to the 
rescue and absorbs that left over in the form of uric acid and urates which, according 
to Faussek (1911), go on accumulating in the urate cells throughout life. It may 
be, therefore, concluded that in insects in which the Malpighian tubule does not 
serve as the main excretory organ, part of the nitrogenous waste is eliminated 


through the anterior intestine and the remainder is stored in the fat body 
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INTRODUCTION 

[HE occurrence of conditioning in invertebrates has been reported several times 
(THompson, 1917; Kreps, 1925; PLavitstcHrkov, 1928; COPELAND, 1930; 
COPELAND and Brown, 1934: ‘THOMPSON and MCCONNELL, 1955). MUIKHAILOFI 
(1920a, b, c, 1921, 1922, 1923) reported various phases of conditioning, 1. 
extinction, generalization, differentiation, and conditioning of the second order in 
Crustacea and Cephalopoda 

It is well known that many insects respond with extension of their proboscis 
on tarsal contact with sucrose solution (cf. MINNiIcH, 1921). In the honey bee, 
F RINGS (1944) established a conditioned response to the odour of cumarin, using 
the proboscis extension reaction, and KuwasBara (1957) established conditioned 
responses to coloured light and to water vapour 

It seems valuable to compare the characteristics of these responses in an 
invertebrate (which has a relatively simpler central nervous system) with the well- 
known phenomena in mammals, using classical conditioned reflex methods. The 
present investigation was carried out to determine the characteristics of the 


conditioned responses in the honey bee, using odour as the conditioning stimulus 


MA'TERIALS AND METHODS 


\ll the experiments were performed in the summers of 1956 and 1957. Workers 


of the honey bee, Apis mellifera, were used. The bees were from the colony used 


in previous paperst (KUWABARA and ‘TAKEDA, 1956: ‘'Takepa, 1957). They were 
I pay ! 


ons from the Department of Biology, Faculty of Science, Kyushu University 
tific Research Fund from the Ministry of Education 
og lokvo Medical and Dental University. Yushima 
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collected at a feeding dish containing a sucrose solution, placed several metres 
from the hive. 

General methods for establishing the conditioned response are similar to those 
described in the previous papers. ‘The workers caught were fastened on an 
experimental rack by holding their wings with a metal clip, after being anesthetized 
with ether for 20 sec. The experimental rack was divided by partitions into 
compartments for each bee to avoid, as far as possible, any visual or olfactory 
interference which might occur among bees during the experiments. Twenty-six 
bees could be used at one time 

Trials for establishing the conditioned response were initiated with the bees 
which were left fastened to the experimental rack 1 or 2 days without feeding 


Olfactory stimulus by aromatic compounds was used as the conditioning 


stimulus for the following reasons: (1) it was possible to use pure compounds of 


which the chemical structures were known; (2) the olfactory sense is well developed 
in the honey bee and plays an important role in its life; and (3) it was relatively 
easy to establish the olfactory conditioned response as compared with a visual one 
(IKUWABARA, 1957) 

he aromatic compounds used were citral (olefinic terpene aldehyde), 
hydroxycitronellal (olefinic terpene aldehyde), and p-isopropyl-x-methylhydro- 
cinnamic aldehyde (aromatic aldehyde). Citral has a strong aroma to man in 
contrast to the latter two which have mild aromas. ‘These aromatics were sucked 
into a glass capillary with a tapered tip of an inner diameter of about 0-2 mm 
Under such conditions, these aromas were perceptible to me only when the 
capillary was brought near to my nose 

lhe glass capillary containing the aromatic was brought to within | cm of 
the antennae of the bee on the experimental rack. 5 sec after the presentation of 
the conditioning stimulus, the tarsi were touched with a 1-5 M sucrose solution as 
the unconditioned stimulus to cause extension of the proboscis. ‘The animal was 
allowed to drink the solution for 2-5 sec according to the experiment 

hese reinforcements were repeated at intervals of approximately 15 min 
In most cases, the simultaneous conditioned response could be formed by several 
such reinforcements, but sometimes only by a single reinforcement. After the 
conditioned response was formed, the unconditioned stimulus was given as soon 
as the proboscis was extended by the presentation of the conditioned stimulus and 
the bee was thus reinforced. When non-reinforcement was needed, the conditioned 
stimulus alone was continued for 10 sec 

Approximately ten reinforcements were performed in a day. Generally, the bees 
used for further experiments were those in which the conditioned response was 
established during the reinforcements of one day 

All experiments were performed in an airy room and all windows were open 
In every interval of the trials, aroma was eliminated by fanning. In practice, no 


aroma was perceptible to a human at the beginning of the next trial 
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RESULTS 
Compatibility of the proboscis extension reaction as an unconditioned response and of 
the ol ( stimulus used as conditioned stimulus 
ill, several points should be clear for the reliability of the results 
rom the anatomical point of view (SNopGrRass, 1956), the proboscis 


ction used is supposed to be a kind of reflex due to contraction of 


experiments, extension of proboscis was observed on tarsal 
| 


sucrose solution. In only 4 per cent of the 2428 trials performed to 
the conditioned response did the bees fail to respond, probably due to 
of food or to confusion. ‘Therefore, the proboscis extension reaction could 
an unconditioned respons« 
en shown by KENYON (1896) and Vow Les (1955) that sensory nerves 
ntennae pass into the antennal lobes where they are connected with 
ding into the corpora pedunculata, a pair of mushroom-shaped bodies 
ire regarded as co-ordinating centres of 1 brain, where the fibres 
probably connect with efferent motor fibres 
n ome insects react spontaneously by the extension of their mouth parts 
to appropriate olfactory stimulus (MINNICH, 1924; FRINGs, 1941), it is essential to 
ine whether the olfactory stimuli used were indifferent stimuli 
No extension of the proboscis occurred at the first presentation of the olfactory 
conditioned stimulus in any of the 296 bees used, although they extended theu 
he following presentation of the unconditioned stimulus. FRINGs 
similar case in which seventy-six honey bees did not respond to 
presentation of cumarin aroma 
ddition, an experiment was performed to determine whether extension of 
scis would n occ even in the worst nutritional condition. No 
of the proboscis at all was observed by presenting hydroxycitronellal for 
bees which had survived from forty-eight bees fastened for 52 hr 
results were obtained when citral was presented to 
min thereafter id also when p-isopropyl-«-methylhydro- 
was presented to eight survivors 35 min after this 
be concluded that the olfactory stimuli used are indifferent 


honey bee, thus could be used as a conditioned stimulus 


; 


herimmentai extinction 


i xtinction experiments were performed on honey bees conditioned to hydroxy- 
llal with reinforcement on the preceding day. Only some of the typical 
1, because they are the same data as those cited in a 

1957) Experimental extinction occurred clearly after 

of non-reinforcement. ‘The fact that the unconditioned 

vas observed after the bee ceased to respond to the non-reinforced 
ned stimulus (at the last trial of the day in Table 1) means that this was 


to confusion but really due to the extinction of the conditioned respons« 
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Disinhibition was observed at the non-reinforcement after a pause of 15 min 
in No. 3 in which stable extinction had occurred by trials at 5 min intervals 
However, extinction was observed even after a pause of 15 min by gradually 
lengthening the intervals of the non-reinforcements. 

In this bee, a positive conditioned response appeared at the first presentation 
of the conditioned stimulus on the following day. More than ten non-reinforce- 
ments were required for the occurrence of extinction on that day. ‘Thus spontaneous 
recovery of extinction occurred. ‘The extinction is temporary in the honey bee as 
in mammals (KONorRSKI, 1948) 

Generalization 

\ series of experiments were conducted in which bees were conditioned to 
respond to one of the aromatics and then tested the following day with the other 
two. When conditioned to hydroxycitronellal bees would respond on the following 
day to p-isopropyl-a-methylhydrocinnamic aldehyde but not to citral. ‘They were 
thus able to distinguish the latter but not the former from the conditioned stimulus, 


thereby indicating that the response was not due to a general ‘sensitization’ of the 


animal to olfactory stimuli. On conditioning to citral, however, no response could 


be elicited to either of the other two aromatics on the following day. It seems clear 
that the bee can discriminate between these two groups of odours. 
) 


lr ABLI (;ENERALIZATION 


Conditioned response 


Animal No 


11 1 


the column of conditioned stimulu ind reinforcement, ( citral; P= p-isopropyl-« 
lhvdrocinnamic aldehyde In the column of conditioned response, ‘New’ means the bee was 


1 for the experiment at that time For further explanations of the abbreviations see Table 1 
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\ typical experiment is illustrated in Table 2 where bees conditioned to 


hydroxycitronellal could not distinguish p-isopropyl-a-methylhydrocinnami 


[aABLE 3—DIFFERENTIATION 


aldehyde but could distinguish citral. Bee No. 21 failed to discriminate p-isopropyl- 
x-methylhydrocinnamic aldehyde after only 15 min, bee No. 11 after 3 hr, but bees 


Nos. 1 and 23 did not do so until the following day. These results indicate that 
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different periods are required by different bees for generalization to become 
effective. 


Differentiation 


Bees conditioned to respond to hydroxycitronellal were later tested alternately 
with hydroxycitronellal (non-reinforced) and p-isopropyl-«-methylhydrocinnamic 
: 


aldehyde (with reinforcement) (Table 3) or with hydroxycitronellal (reinforced) 
and p-isopropyl-x-methylhydrocinnamic aldehyde (non-reinforced) (Table 4) 


ABLE 4—DIFFERENTIATION 


Conditioned respons 
d stimulus Animal No 


intorcement 


4 times) 
12 times 


15 times 


In each instance generalization occurred so that responses were given to both 
aromatics. However, as the tests were continued the response was only given to the 
reinforced stimulus and not to the non-reinforced, thus indicating clear differ- 
entiation. Occasional tests with citral showed no generalization 

Some features of the experiments are noteworthy lhe response to hydroxy- 
citronellal occurred at the first test 2 days after conditioning (Tabl 3); 


differentiation occurred after three to five pairs of tests and was retained for at 


least 1 hr but not until the following day, i.e. it is, like extinction, only temporary. 


Lack of response towards the end of days fourteen and fifteen was probably due to 
satiety as the bees were allowed to feed for 5 sec at each reinforcement: even with 
irregular presentation of stimuli (Table 4), differentiation was possible and indicates 
that the ability to differentiate represents a true differentiation of odours and is not 
a response to the rhythm of presentation 
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Conditioned inhibition 


l'ypical results of experiments on conditioned imhibition are shown in Table 5 
Conditioned response to hydroxycitronellal was well established in this bee by 


reinforcements during 4 days. Conditioned inhibition experiments were then 


TABLE 5—CONDITIONED INHIBITION 


In the colun 


, , 
citral and hydr 
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performed by non-reinforcing a mixture of equal volumes of citral and hydroxy- 


citronellal but reinforcing hydroxycitronellal. ‘The mixture could be used as a 
conditioned inhibition stimulus because, as already shown, generalization does not 
occur to citral in a bee which has been conditioned to respond to hydroxycitronellal 

\fter eight paired repetitions of non-reinforcements and _ reinforcements, 
clear conditioned inhibition occurred in this bee. Conditioned inhibition also 
occurred regardless of the order of presentation of the stimuli, which indicated it 


‘TABLE 6—CONDITIONED RESPONSE OF THE SECOND ORDER 


Conditioned respons: 
Animal No 
Reinforcems 


In the formation of the second order conditioned response, non reinforced citral was used instead 


of the unconditioned stimulus 
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was due to a difference of the odour stimuli. The conditioned inhibition was 
preserved, as in differentiation, for at least 1 hr but not until the following day 
‘Table 5). It thus appears that conditioned inhibition is also temporary in the 
honey bee 

In contrast to differentiation, the establishment of conditioned inhibition in the 
honey bee was difficult in the present experimental conditions. Some of the bees 
which showed a good re sponse In the early stage of the experiments failed suddenly 
to respond 

From the present results on experimental extinction, differentiation, and 
conditioned inhibition, the existence of well developed internal inhibition in the 
honey bee is shown 
Conditioned response of the second order 

Results are shown in ‘Table 6. Bees were conditioned to citral for 3 days by 
reinforcement. ‘Trials were then made to establish a conditioned response of the 
second order to hydroxycitronellal, to which generalization does not occur. In the 
trials citral without reinforcement was used. The procedure consisted of the 
presentation of hydroxycitronellal for 5 sec and the subsequent presentation of 
citral for 5 sec after an interval of 10 sec. In several bees, conditioned response of 
the second order was observed to occur after several trials. In some bees it was 
preserved until the following day 

The possibility that these results were due to ‘sensitization’ could not be 
excluded, since no check was made with a third group aroma to which a bee 


reinforced with either citral or hydroxycitronellal would not s! 


1oW generalization 
However, the present experiments suggest the occurrence of a conditioned response 
of the second order in the honey bee, but final proof of this requires further 


experiments 
DISCUSSION 

Ihe conditioned respons¢ used in the pres nt study seems to be comparabk t 
the classical conditioned reflex. From this point of view, the proboscis extension 
reaction used is similar to that of the Bekhterev type in that it is a motor reaction 
evoked by the contraction of muscles, but like that of the Pavlov type im that it is an 
alimentary reflex 

lhe results obtained in the present experiments show that the conditioned 
response in the honey bee is more stable than those reported by MIKHAILOF! 
Although there was a difference in the unconditioned reaction used (of preference 
in the present study but of avoidance in most experiments by MIKHAILOFF) many 


fewer reinforcements or non-reinforcements were needed to establish the various 


stable phases of conditioned response in the former. In addition, intervals between 


trials were much longer in the honey bee. Conditioning in the bee was so strong 
that the bees reacted 2 days after, even when they did not react apparently on the 
day of reinforcements and no reinforcement was performed on the following day 
(Table 3). In Eledone the conditioned response was extinguished on the following 


day, provided no further reinforcement was given 
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said at present whether or not the responses in the present exper! 
to the honey bee or whether we were fortunate in choosing 
in which to identify otherwise hidden capacities of lower animals 


] | 


pres¢ nt experime nts on olfactory conditioned responses showed 


1) the honey bee and also showed that the various phases 
rv similar to those shown by higher mammals 
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THE OCCURRENCE OF ACETYLCHOLINE IN THE 
TWO-SPOTTED MITE, TETRANYCHUS TELARIUS L.* 
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Abstract—The occurrence of acetylcholine in the two-spotted mite has been demon 
strated. By paper chromatography, paper electrophoresis, pharmacological bioassay 
and by its reaction with hydroxylamine—ferric chloride it has been established that the 
biologically active substance found occurring in the mites is identical with acetyl 


choline itself 


INTRODUCTION 


THE probable importance of acetylcholine (ACh) in synaptic transmission and in 
anticholinesterase poisoning has led to the identification of this substance in a 
number of organisms in the past decade. Although the two-spotted mite, Tetra- 
nychus telarius L., is known to be susceptible to a number of well-known anticholin- 
esterase organophosphorus compounds (Metca.r, 1955), the mode of action of 
these compounds as miticides is not well understood. By analogy with insects and 
vertebrates it is generally supposed that the anticholinesterases manifest their 
lethal effect as a result of an abnormal accumulation of ACh due to the inhibition 
of cholinesterase of the nervous system. However, there are no reports in the 
literature of the occurrence of ACh or any other biologically active substance in the 


two-spotted mite or any other mite. It is therefore of prime importance to know 


of the occurrence of ACh or any other physiologically active choline ester in the two- 


spotted mite before any suggestion as to the possible mode of action of organo- 
phosphorus miticides, involving the cholinergic system, is made. 

The present communication therefore deals with the identification of ACh in 
the two-spotted mite. By means of paper chromatography, paper electrophoresis, 
pharmacological bioassay, and by its reaction with hydroxylamine-ferric chloride, 
it has been established that the biologically active substance in the extract of the 
two-spotted mite is identical with ACh itself. 


EXPERIMENTAL METHODS AND RESULTS 
1. Material 
The mites were obtained from a laboratory culture maintained on Fordhook 
U.S. 242 lima beans grown in 6 in. flower-pots at 80+ 3°F, 60 per cent relative 
humidity, and under 500 ft-candles constant illumination. Pots containing plants 
were placed in metal trays 2 in. deep half-filled with water. Plants were infested 


I‘his investigation was supported by a research grant (RG-6109C1) from the National Institutes 
of Health, Public Health Service 
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with two-spotted mites as the primary leaves appeared by transferring the heavily 
populated leaves from older plants. In collecting mites the leaves were picked from 
the infested plants and the mites were blown off into a funnel by a small jet of CO, 


and collected at the base of funnel in a small beaker 
2. Preparation of extracts 


(a) For the chemical characterization of ACh the mites were homogenized in 
10° 


rev/min for 5 min and the supernatant collected. ‘The residue was washed twice 


, trichloroacetic acid (TCA). ‘The homogenate was centrifuged at 10,000 
in small portions of distilled water and the washings and the supernatant pooled. 
TCA from the pooled washings and supernatant was removed by extracting it 
four times with an equal amount of ether. The supernatant was then reduced to 
dryness in vacuo and the residue was dissolved in 0-1 ml of ethanol. ‘This prepara- 
tion was used either for paper chromatography or for paper electrophoresis. 

(b) For pharmacological bioassay of ACh the extract of the mites was prepared 
according to the method of Menrorra (1960) for insect eggs. Mites were placed 
in 5 ml of boiling HCl-acidified frog Ringer’s solution (NaCl, 7 g: KCl, 0-14 ¢: 
CaCl,, 0-12 g; per litre of water, acidified to pH 4-0 with 0-3 N HCl) for 1 min. 
After cooling, ICCA was added to give a final concentration of 1 per cent and the 
mites homogenized in a Potter—Elvehjem glass homogenizer. ‘The homogenate was 
centrifuged for 5 min at 10,000 rev/min and the supernatant decanted, and brought 
to pH 6-0 with 0-3 N NaOH. Small aliquots of the extracts were used in 5 ml of 
Na HCO, buffered frog Ringer’s solution (NaCl, 7-0 g; KCI, 0-14 g; CaCl, 0-12 g; 
NaHCO,, 0-2 g; in 1 litre of distilled water) for estimation of ACh. The estimation 
of ACh in the extract was done on the eserinized frog’s rectus abdominis muscle by 
the method of Fe_pBerc (1945a). Usually 100 mg of mites were used in each assay 


3. Characterization of ACh by paper chromatography 


One-dimensional filter-paper partition chromatography, capillary ascent method 
of WiLLIAMs and Kirsy (1948), was used for the detection of ACh present in the 
TCA extract by the mites. The extracts were spotted on Whatman No. | filter 
paper by the use of micropipettes. For comparison, reagent ACh treated in the 
same way as extract was chromatographed because it is known that the different 
anions associated with ACh affect its R, (WHITTAKER and WiyjesuNpeRA, 1952; 
CHEFURKA and SMALLMAN, 1956; Menrotra, 1960) 

The following solvents were successfully used to chromatograph ACh 

a. Butanol—acetic acid—water; 4 : 1 : 5 (PARTRIDGE, 1948); 
b. Butanol—ethanol—acetic acid—water; 8 :2:1:3 (AUGUSTINSSON and 
GRAHN, 1953) 
After the application of extract and standard ACh to the paper, the chromatograms 


were run for approximately 18 hr. They were then removed and dried and the 


choline esters visualized as blue spots by spraying the chromatograms with 


phosphomolybdic acid, followed by reduction with acidic stannous chloride 
(CHARGAFF et al., 1948). 
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‘able 1 shows the results. The extract resolved into two main components 
having R,’s comparable to that of ACh and choline. Moreover, when the areas of 
the chromatograms corresponding to the identified R, of ACh were eluted and 
bioassayed, they showed the expected biological activity (see Section 5). It can, 
therefore, reasonably be concluded that this comparison indicates the presence of 
\Ch in the extracts. 


‘TABLE 1—PAPER CHROMATOGRAPHY OF ACETYLCHOLINE 


Extract ACh Choline 
Solvent R, R, 


Butanol—ethanol—acetic acid 


. 


water; 8:2: 1 3 0-65. 0-24 0-65 
Butanol—acetic acid—water 
4-1] 5 0-60, 0-21 0-60 


4. Characterization of ACh by paper electrophoresis 

Because of the strongly basic character of ACh, the opportunity was taken to 
demonstrate the presence of ACh in the extract by paper electrophoresis. The 
electrophoresis was carried out in a horizontal type apparatus manufactured by 
Research Specialities Company, at 350 V for 3 hr. Acetic acid of ionic strength 
(0-1 served as the electrolyte. Whatman No. 1 filter-paper strips 57 x 1-5 cm were 
dipped in electrolyte and the excess blotted. A period of 1 hr was allowed for 


equilibration before applying the extract to the paper. After electrophoresis the 


choline esters were located by spraying the paper strip with phosphomolybdic acid 
followed by reduction with acidic stannous chloride (CHARGArFF et al., 1948). 

The results clearly indicated that there occurred a positively charged substance 
in the extract which moved toward the cathode leaving behind most of the dark- 
greenish material at the point of origin. Furthermore, the observations indicate 
that the substance may be ACh itself, since the substance which moved toward the 
cathode had an electrophoretic mobility similar to that of reagent ACh 


5. Characterization of ACh by pharmacological activity 

The frog’s rectus abdominis muscle is one of several biological objects sensitive 
to the low concentration of ACh. The whole extract of the mites prepared for 
biological assay was found to be active on the rectus abdominis muscle of frog and 
indicated the presence of ACh. ‘That this activity of the extract on the frog’s rectus 
abdominis muscle was due to ACh was confirmed by the fact that the biological 
activity was destroyed by alkaline hydrolysis and was also antagonized by atropine. 
Furthermore, when the spots corresponding to ACh were eluted from the paper, 
after preliminary paper electrophoresis and paper chromatography of the mite 
extract, and bioassayed they showed the expected biological activity. ‘These 
results, therefore, clearly indicate that the biologically active material found in the 
mite extract has an R, and electrophoretic mobility similar to those of ACh itself. 
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The ACh content of the two-spotted mite in five separate experiments was 
found by pharmacological bioassay to be 25-0+1-5 ug/g of mite. This value of 
ACh in these mites is about five to ten times greater than those obtained for 
vertebrate nervous tissue, like guinea-pig brain or rabbit brain (FELDBERG, 1945b). 
However, the contrast is not so great and the values are comparable to those 
obtained for various insects by Lewis and SMALLMAN (1956), who observed ACh 


values of 33 ug/g in the head of Calliphora erythrocephala, 28 ug/g in the head of 


Lucilia sericata, and 26 ug/g in the head of Musca domestica. Thus, if it is assumed 
that the ACh found in the two-spotted mite is derived mainly from the nervous 
tissue, as in insects, it would seem that the nervous tissue of this mite is exceedingly 
rich in ACh. In any case, it is clear from these results that the two-spotted mite 
contains comparatively high amounts of ACh his ACh may perhaps be 
important physiologically. 


6. Chemical characterization of ACh 

HESTRIN (1949) has shown that ACh being an ester may be assayed chemically 
by its reaction with hydroxylamine-—ferric chloride to give a yellowish-coloured com- 
plex with an absorption curve having a shoulder at 540 mu. Areas corresponding to 
ACh, after preliminary paper chromatography, were eluted in cold ethanol for 2 hr. 
The eluates were reduced to dryness im vacuo and the residue dissolved in 1 ml of 
distilled water. These solutions were then treated according to HESTRIN (1949) and 
the absorption spectra determined using a Beckman spectrophotometer, Model Dl 

The absorption spectrum obtained with the eluate after paper chromatography 
was identical with reagent ACh, for both display a shoulder at 540 mu. The optical 
density of the eluate at 540 my was 0-055, which corresponded to 20 ug of reagent 
ACh bromide. Since the eluate was derived from an extract of 1-0 g of mite, the 
ACh content was indicated as 20 «g/g of mite, which is comparable to the values 


obtained by the biological assa\ 


DISCUSSION 

In the present study the substance in extracts of the two-spotted mites which 
activated the eserinized frog’s rectus abdominis muscle was shown to be identical 
with ACh. After chromatography of crude extracts, this biological activity was 
localized in a spot with an R, corresponding to ACh and also gave a positive 
chemical test by HesTRIN’s (1949) method. Moreover, when the extract was 
subjected to electrophoresis, the biological activity was found to occur in a band 
which moved toward the cathode and had a similar electrophoretic mobility to 
ACh. Although several physiologically active choline esters, other than ACh, have 
been demonstrated in a number of organisms (WHITTAKER and MICHAELSON, 1954; 
WHITTAKER, 1955, 1957: Keyt et a/., 1957: Bisset et al., 1959), no evidence for the 
occurrence in these mites of other choline esters with a similar biological activity 
was obtained. If other choline esters are present then they must be occurring in a 
very low concentration. In this respect the results are comparable to those of 
CHANG and Kearns (1955) and CHEFURKA and SMALLMAN (1956) for adult insects 
and Menrotra (1960) for insect eggs. 
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The main objective in this study has been to establish, as unequivocally as 
possible, the occurrence of ACh in the two-spotted mite. The data are pertinent 
to the probable occurrence of the cholinergic system in this species which in turn, 
perhaps, may be involved in the lethal effects of organophosphorus insecticides. 


SUMMARY 


(1) The occurrence of ACh was demonstrated in the two-spotted mite 


(2) The identity of ACh was established by means of bioassay, paper chromato- 


graphy, paper electrophoresis, and its reaction with hydroxylamine—ferric chloride. 
(3) The ACh content of the two-spotted mite was found to be about 25-0 ug/g 
of whole mites 
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Abstract—The cuticle togethe hypodermis and associated musculature 
contains more of the total chitina tivity of the cockroach body an any other 
body fraction. ‘The alimentary canal and blood have lower an¢ irly equal tota 
iCtivities, and the remainder of the body contributes little to total activity. ‘The enzyme 
complex is most concentrated in blood, although the saliva and digestive juices also 
lisplay nota activit lhe digestive tract chitinase, most of which ts found in the 
midgut and associated caeca, is not produced by intestinal micro-organisms. ‘Two of 
the important products of its action on chitin, namely N-acetylglucosamine and gluco 
samine, are regularly present in the digesti 

Ihe possible origin and function of tl 


cockroach ts discussed 


INTRODUCTION 


THE presence of chitinase has been demonstrated in dialysed extracts prepared 


from the blood, digestive juice, cuticle, saliva, and cast skins of the American 
cockroach, Periplaneta americana L. (WATERHOUSE et al., 1961). No indication is 
available, however, of the relative amounts of chitinase activity in the various organs 
and tissues. This information is required in order to throw light upon the role of 
this enzyme in the adult cockroach for, hitherto, its main function has been 
thought to be the thinning of the old cuticle of immature insects prior to moulting 
Thus chitinase is well known from the moulting fluid and from extracts of the cast 
skins of about a dozen insects (see WATERHOUSE ef al., 1961). Chitinase activity 
was not detected in extracts of the cuticle of fifth instar silkworm larvae before the 
end of spinning, but it appeared in the epidermis as soon as spinning had finished. 
In the course of the next few hours the moulting fluid appeared (JENUIAUX, in 
FLORKIN, 1958). 

Chitinase activity has seldom been reported in adult insects. It is said to occur 
in the digestive fluid of the predaceous pentatomid bug Troilus (Micua.k, 1931), 
although the evidence for this is only circumstantial. It has been demonstrated in 
extracts of whole termites (Nasutitermes and Coptotermes) by ‘TRAcEY and YOUAT! 
(1958). although the termites they used were a mixture of larvae and recently 
moulted and older adults. The possibility that all of the chitinase activity they 
recorded might simply have been due to moulting fluid was later discounted, at 
least for one species, by the demonstration of chitinase in mature workers of 
Coptotermes lacteus (Frog.) (WATERHOUSE et al., 1961). However, no information 
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whether this chitinase is produced by the termites, or their gut 

on its distribution in the termite body. Information on these points has 

sought for the adult American cockroach which is not only a more convenient 

experimental subject for this work, but has also recently been reported to possess 
hitinase activity in various parts of the body (WATERHOUSE et al., 1961) 

[he origin of cockroach chitinase, and particularly of the digestive tract 


is of special interest in view of the strong evidence advanced by JEUNIAUX 


1950, 1954, 1956) that the digestive chitinase of snails and slaters is produced by 


yvacteria harboure d in the dige stive tract and that it is not a digs stive secretion of 
host It has also been shown that the dig« stive carbohydrases of a number of 
ire produced by bacteria, as no such enzymes were found in sterile 


rCHER and Haus, 1933; Kamat, 1959: Srmmons, 1939) 


METHODS 

\dult P. americana were drawn from a laboratory colony maintained at 28°C on 
rat pe llets and water Freshly moulted adults were collected daily, so that adults 
of known age were available. ‘They were separated into various body fractions by 
dissection and extracts in acetate buffer prepared as described by WATERHOUSE 
et al. (1961). However, in the present tests, the extracts were not dialysed before 
testing, this might have affected their activity differentially. Blanks without chitin 
substrate were included in all experiments. Experience showed that, although the 
chitinase activity per cockroach was quite high enough for detection by the 
chemical methods used, it was not possible to obtain satisfactory results from, for 
example, extracts of single digestive tracts. Normally, tissues from at least four 
(frequently at least six) adults were used for each extract. The native chitin sub- 
strate, the conditions of incubation, and the determination of N-acetylglucosamine* 
liberated were as already described (WATERHOUSE et al., 1961) 


RESULTS 
1. General distribution of chitinase activit, 


\ study of the distribution of chitinase activity in the body (Table 1) indicated 
that some 75-80 per cent resided in the cuticle, hypodermis, and associated 
musculature, 15-20 per cent in the alimentary canal, and less than 5 per cent in the 
fat body, gonads, and malpighian tubules. Neither blood nor saliva were collected 
separately in these experiments; they would have been included mainly in the 
cuticle and fat body fractions. As shown later, blood and saliva together con- 
tribute some 17 per cent of the total body activity. The total activity of females 
was about 50 per cent higher than that of males, although this is partially offset, on 
a weight basis, by the fact that the females were 30 per cent heavier than the males 

After removal of the gut fluid by centrifuging, the pellet which remained, 
comprising the epithelial cells and food residues, was homogenized in buffer, 


centrifuged, re-suspended in fresh buffer, and centrifuged again to obtain the first 


* Referred to hereafter as NAcGr 





THE AMERICAN COCKROACH 
and second extracts respectively. The activity of these extracts suggested that som: 
chitinase activity resided in the gut epithelium 


of three exper 


were takel ‘ 


epithel: im? 
extract 
Crut epitheliun second 
extract 
I } ly , i ' 
at Dody, gonads nai- 
pighian tubules 
Cuticle hypodermis an 


associated muscles 
otal 
2. Chitinase activity in various regions of the gut 


Further examination of the partition of chitinase activity between different 


regions of the alimentary canal (Table 2) showed that the midgut contents were 


most active (06 per cent), that the foregut contained appreciable activity (27 per 


DISTRIBUTION O ITINAS CTI Y IN 7 ) VE 7 r or P. americana 


f three experiments 8S week 


sut epithehun 
first and secor 


extracts 


53 per cent 
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cent), and that the hindgut contents had rather low activity (7 per cent). The 
midgut contained an even higher proportion (76 per cent) of the activity liberated 
by homogenizing and extracting the epithelium, a step which would also have been 
accompanied by some elution of activity from the solid contents. In these experi- 
ments the fluid contents of the alimentary canal were twice as active as the 
epithelial extract. 

Although in these investigations figures for blanks (with insect extract, but 
without chitin substrate) were (‘Table 3), in general, low compared with those for 
the equivalent flasks with chitin, the blanks for digestive tract were nevertheless 


‘TABLE 3—-EXAMPLES OF RESULTS (EXPRESSED PER INDIVIDUAL) FOR CHITINASE ACTIVITY AND 
FOR BLANKS FOR VARIOUS BODY FRACTIONS OIF P americana 


Conditions as for Table 1 


y 
} 


No. of individuals VAcGm (py 
on which figures 


based Corrected value Blank 


Gsut fluid 


— HD 
AnIlew e 


~) 


Gut epithelium 


extracts 


1360 


2620 


high enough to merit investigation. An absorption curve between 490 and 610 my 
of the colour developed during analysis indicated that the blank after incubation 
contained NAcGm. This was confirmed by paper chromatography using isopro- 
panol : water (80 : 20 v/v) as a solvent system and SALTON’s (1959) reagent for 
detection. A trace of glucosamine was also detected with the hexosamine reagent 
of PartrripGce (1948). Soluble oligosaccharides of NAcGm were looked for in the 
boiled, centrifuged digestive juice by incubating this with chitodextrinase prepared 
according to GLASER and Brown (1957). Although the preparation used actively 
attacked chitodextrin, no additional NAcGm was produced by incubation with 
boiled digestive juice 


3. Cast skins, blood and saliva 


\n acetate-buffer extract of skins cast at the larval—adult moult was shown to 


contain NAcGm, a trace of glucosamine, and an enzyme complex capable of 
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producing both of these compounds from chitin (WATERHOUSE ef ail., 1961) 
These findings were confirmed in the present study, and typical figures are given 
in Table 4. There is no doubt that the presence of NAcGm and glucosamine is 


‘TABLI I ~ CTIVITY OF VARIOUS BODY FRACTIONS O americana 
laABLE 4—CHITINASE ACT | t y ACTI r P 


2:5 ml, time 24 hr, temperature 35°C, and substrate concentration 


Incubation volume 
10 mg chitin 


Weight VAcGn liberated 
r volume of 


fractior Corrected valuc 
100 me 


] 
1th) 


1) 


ol. of blood obtained 


individual 0-056 ml 


* Uncorrected. 


explained by the fact that the moulting fluid is not completely reabsorbed from the 
old cuticle before it is cast. This raises the possibility that the surface of the 
cuticle of living cockroaches might be contaminated similarly However, a 
comparison of cuticles from unwashed adults and from adults washed for several 
minutes in running water before dissection, showed no consistent differences 
Blood (haemolymph without cells), obtained by the centrifuge method of 
STERNBURG and CorRRIGAN (1959), was found to contain glucosamine and an 
enzyme complex capable of producing NAcGm and a little glucosamine from 
chitin (WATERHOUSE ef al., 1961). The average volume of blood extracted per 
adult by this method was 0-056 ml, giving an activity (ug NAcGm liberated) pet 
individual of 230. Comparing this with an average total activity per individual of 
1430 (Table 1), it will be seen that blood contributes some 16 per cent of the total 
chitinase activity. ‘To this should probably be added a small additional amount for 
blood not removed from the body by centrifuging. Since no steps were taken in 
the experiments of Sections 1 and 2 above to remove the blood prior to sampling, 
the blood activity was partitioned in Table 1 between the body fractions and 
contributed also to some of the values shown in Tables 2 and 3. From the nature 


of the body fractions it is probable that the cuticle and fat body contained a 
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relatively greater amount of blood than the gut fractions. Digestive juices with 
notable chitinase activity were obtained from alimentary canals which had been 
washed in saline, so that contamination with blood could not explain the high 
activity of these juices. It is clear that any contamination with blood which 
occurred would not have influenced materially the general conclusions which have 
been drawn from these tables 

Undialvsed saliva did not contain either NAcGm or glucosamine, although it 
possessed an enzyme capable of degrading chitin to NAcGm together with a trace 
of glucosamine (WATERHOUSE eft a/., 1961). ‘This was confirmed in the present 
tests, which provide also figures for chitinase activity in undialysed saliva (‘Table 4). 
The method of collection did not enable anything more than a very rough estimate 
to be made of the average chitinase activity contributed per individual by the 
saliva. When active cockroaches were picked up it was frequently possible to 
collect, in a small vial, the drop of saliva generally exuded during struggling. 
Females produced far more saliva than males, although the quantity varied greatly 
from individual to individual. However it was difficult to avoid loss of saliva from 
some roaches, so the process was far from a quantitative one. In one test fifty 
cockroaches provided 0-3 ml of saliva. Taking average figures for activity, this 
represents a value of about 7 u«g NAcGm liberated per individual and a contribution 
of about 0-5 per cent to the total chitinase activity in the body. Only if very copious 
quantities of saliva are ingested with the food is it likely that salivary chitinase 
contributes significantly to the total chitinase activity of the digestive juices. 


‘TABLE 5 [OTAL CHITINASE ACTIVITY IN DEVELOPMENTAL STAGES OF P. americana 


4 


Incubation of 10 mg chitin with extract of 100 mg tissue for 24 hr at 35°C in 2:5 ml pH 5:0 
acetate buffet 


VAcGm liberated (pg) 


Per roacl Per g@ tissuc¢ 
30 davs old 5700 5400 
200 davs old 1900 1700 
230 davs old , 1200 1000 
5000 9000 
900 8000 


4. Adult age and chitinase activity 


No clear trend in chitinase activity with adult age up to 85 days was detected. 


However, very old adults (at least 200 days since the last moult) do appear to 


possess lower total chitinase activity. As an example of results, in one test the total 
activity per roach (ug NAcGm liberated) was approximately 5600 1 day after 
moulting to the adult, 2600 2 days after moulting, and 4300 9-16 days after 
moulting. Digestive juice chitinase also showed wide variations but no consistent 
trend, the highest activity being recorded, perhaps fortuitously, in adults 35 days 
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old. ‘Table 5 shows that chitinase activity is present also in larvae and that, when 


calculated on a body weight basis, the activity of larvae is at least as high as that of 


adult cockroaches 


5. The relationship of digestive chitinase to gut micro-organisms 


\ comparison was made between cockroaches drawn from the stock culture and 
bearing their natural load of micro-organisms and others in which the gut flora had 
been very greatly reduced or eliminated by adding antibiotics to the diet. For this 
experiment adults which had moulted about 3 weeks earlier were washed briefly in 
running tap water and dried. These, and adults which had moulted overnight, 
were set up in a parallel series of sterilized jars with sterilized paper. In the anti- 


TABLE 6—AcTIVITY OF GUT FLUID (ug NAcGm LIBERATED PER ADULT) FROM Pertplaneta 
FED ON ANTIBIOTICS OR ON ‘NORMAL’ DIET 


\ total of twenty-five males and twenty-five females were used. Conditions as in Table 


\ AcGm (fez) per adult 
ted on 


Antibiotics | Normal diet 


hese cockroaches were subjected to experimental conditio rom t moult-to-adult 


Ihe se cockroaches were 23 davs old when first subjected to « xperiment il conditions 


biotic series, drinking water was provided as cotton-wool plugged tubes of sterile 
| per cent aqueous sucrose containing 0-1 per cent streptomycin and 0-05 per cent 
penicillin. Food consisted of powdered rat pellets containing 10 per cent powdered 
yeast and 0-2 per cent achromycin \dults were transferred daily to fresh, sterile 
jars. A comparable series of jars was maintained with adults to which no antibiotics 
were administered. Gram-stained smears of gut contents after 7 days revealed no 
organisms except ingested yeast in the cockroaches fed on antibiotics, but an 
abundant and very diverse flora in the control roaches. However, nutrient broth 
or nutrient agar cultures set up with gut contents from the roaches fed on anti- 
biotics did produce a diplococcus which grew rapidly at room temperature and 
slowly at 37°C. ‘This diplococcus did not degrade NAcGm added to nutrient broth 
and produced neither NAcGm nor chitinase after 2 weeks growth in broth over 
chitin. Its presence in negligible numbers in the digestive tract, therefore, could 


not have affected results for chitinase activity 


Achromycin Spersoids, Lederle, U.S.A 
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From Table 6 it can be seen that the cockroaches fed on antibiotics contained 
high chitinase activity in their digestive juices. Comparison with infected controls 
gave no reason whatever to believe that micro-organisms were contributing 
significantly to this activity. In order to determine whether the addition of anti- 
biotics might have interfered with the analyses, antibiotics were added directly to 
flasks either immediately before or after incubation of chitin with digestive juice 
from cockroaches fed on normal food. In either case, a drop in activity to about 
one half compared with control incubations was observed. This is probably due to 
absorption of NAcGm by the inert carrier associated with the achromycin (ratio 
by weight achromycin to carrier 1 : 60). If anything, therefore, the activity of 
chitinase in the cockroaches fed on antibiotics might be expected to be higher than 
that indicated in Table 6. 


DISCUSSION 


For several reasons the results reported here must be regarded as providing 
qualitative rather than quantitative information. Firstly, the tests were performed 
under conditions where substrate was limiting (WATERHOUSE ef al., 1961). This 
means that the values obtained for the more active extracts were relatively lower 
and those for the less active extracts were relatively higher than would have been 
obtained had the activity of all extracts been adjusted before incubation so as to 
give the same amount of digestion. However, it is clear that the results obtained 
under these latter, more rigorous, conditions would tend to accentuate rather than 
diminish the differences reported here. Secondly, considerable biological 
variability was encountered as indicated in Tables 3 and 4; and thirdly there is, as 
yet, no information on whether the same enzyme or enzyme complex is being 
compared in the extracts from the different body fractions. In spite of these 
limitations, it is believed that a useful picture is now available of the general 
distribution of chitinase activity in the body. 


‘TABLE 7—APPROXIMATE CHITINASE ACTIVITY IN P. americana FRACTIONS 


Portion of body | NAcGm liberated (yg) 


Blood ’ ml 
Saliva 870 per ml 
Alimentary canal 70 per g tissue 
Cuticle et OU per g tissue 
Fat body et 15 per g tissue 


\n important finding in these experiments is that chitinase activity is present 
in all organs and tissues into which the adult cockroach was divided. ‘The cuticle 
(with hypodermis and associated musculature) contains more of the total chitinase 
activity of the body than any other body fraction. The alimentary canal and blood 
have lower and nearly equal total activities, whereas the saliva and fat body (with 


reproductive system and malpighian tubules) do not contribute much to the total 
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activity. In terms of concentration (Table 7), however, blood is by far the most 
active material with saliva next. The chitinase concentration in the digestive juices 
may be five to ten or more times that in the alimentary canal as a whole, but is 
probably always considerably lower than in blood. It is probable that a significant 
contribution to the low chitinase activity recorded for the fat body fraction is 
made by contamination with blood. 

In the alimentary canal, there is no doubt that chitinase activity is present in 
the digestive juices, and probably also in the epithelial cells, at least of the midgut 
The high chitinase activity of the juices in the midgut and associated caeca, and 
particularly in the latter, parallels the results of Day and Powninc (1949) with 


amylase, invertase, and proteinase. It may be that the caecal epithelium is 


particularly active in secreting chitinase. ‘The alternative explanation is that there 
is a flow of fluid into the caeca, where some concentration of activity may occur by 
water absorption. That this is possible is shown by the finding that glucose 
absorption in Pertplaneta is largely confined to the caeca (TREHERNE, 1957). It is 
likely that the chitinase activity of the foregut is due to the regurgitation of fluid 
from the midgut, although it may be partly due to saliva swallowed with the food 
Regurgitation into the foregut has already been shown to carry with it proteinase 
activity (Day and Powninc, 1949). The low chitinase activity in the hindgut 
parallels the general experience in insects with digestive enzymes. In this region 
the enzymes are usually either inactivated or absorbed. 

The widespread distribution of chitinase in the body raises the question of the 
site or sites of its production. It is undoubtedly a relatively stable enzyme, for it 
remains active for long periods in an air-dried state on cast skins. Also, WATERHOUSI 
et al. (1961) showed that cockroach digestive chitinase retained about a third of its 
original activity after incubation for 17 days at 35°C and that termite chitinase still 
retained some of its activity after incubation for 189 days. Whether or not 
chitinase is actually produced by the hypodermal cells of the cuticle prior to 
moulting, these cells certainly secrete a chitinase-containing moulting fluid into the 
space between the new and old cuticle. Much of this fluid, together with the 
products of digestion of the old cuticle, is eventually reabsorbed into the body, 
leaving behind traces on the cast skin. What happens to the chitinase and to the 
products of digestion absorbed into the body is unknown. It might, perhaps, be 
regarded as effective economy for immature insects to store chitinase in thei 
bodies for mobilization again at the next moult. If this is so, then it is also possible 
that adults may not possess any mechanism for its destruction, even though they 
have no further use for the enzyme. It is true, however, that some adult insects 
still retain the capacity to undergo the complex changes associated with moulting, 
as can be demonstrated experimentally by transfusing them with blood which 
contains moulting hormone. Adults may also produce chitin during the healing 
of wounds in their cuticle (WIGGLESWORTH, 1953). 

On the other hand chitinase may have some much more general function in the 
body than digestion of the cuticle at moulting. It is possible, for instance, that 
mechanisms which result in the production of large amounts of chitin at moulting 
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are diverted with the assistance of chitinase to other purposes during the inter- 


moult, a period when the only regular chitin synthesis known is in the production 


of the peritrophic membran However, although a trace of glucosamine is 


present both in undialysed blood and cuticle brei, no NAcGm could be detected 
In view of th apparent absence in thes preparations of an enzyme capable ot 
deacetvlating NAcGm (WATERHOUSE et a/., 1961), it is difficult to see how chitinase, 
as identified in this paper, could really be operative without the production of 
VAcGm 

Che problem may, perhaps, be a little more straightforward for the digestive 
juices. Here the midgut epithelium secretes chitinase into the lumen. Even if there 
is no direct evidence yet that the enzyme is actually produced by the midgut 
epithelium, chitinase is certainly not formed to any appreciable extent by intestinal 
micro-organisms. The presence of both NAcGm and glucosamine in undialysed 
digestive juice suggests that the alimentary chitinase is performing a true digestive 
function In the absence of chitin in the food—and cockroaches frequently 
consume cast skins and insect remains—there is ever present their own peri- 
trophic membrane. Layers of this membrane are produced at intervals and 
surround the food in the midgut. Possibly these layers are being continuously 
attacked by chitinase from the moment they are formed to the time they are 
excreted. It is known that the digestive juice chitinase degrades chitin to NAcGm, 
probably its dimer and trimer and a trace of glucosamine (WATERHOUSE ef ai., 
1961). If this same degradation of the chitin-protein containing peritrophic 
membrane occurs, any soluble oligosaccharides of NAcGm _ (chitodextrins) 
produced must be rapidly absorbed by the midgut epithelium or degraded to 
VAcGm for they were neither detected by paper chromatography nor by incubat 
ng digestive juice with chitodextrinase. An alternative explanation of the NAcGm 
in the digestive juice, of course, is that it is in some way associated with the forma 
tion of the peritrophic membrane and not of its breakdown. ‘The presence of an 
active chitinase in saliva is perhaps difficult to explain unless it is postulated that 
it is fortuitously taken up by the salivary glands from the blood along with other 
materials 

Clearly so little is known both about chitin formation and about its breakdown 
in the insect body that it is difficult to do much more than speculate. Is Pertplaneta 
americana unusual amongst insects in having chitinases so widely distributed in 
the body and, indeed, in possessing chitinase activity at all times except at moulting ? 
{re these Pertplaneta chitinases all identical in their properties or are, for example, 
the blood chitinase, the cuticle chitinase, and the digestive juice chitinases different ? 
Is the chitinase activity due to a single enzyme or to a group of enzymes and what 
is their substrate specificity and hence other possible functions in the body ? 


Further work will be needed to answer these and many other questions 


dgements—We wish to thank Dr. R. H. HACKMAN for supplying the chito- 
id Mrs. M. Rozparz for technical assistanc: 
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EFFECTS OF SMALL ZENITH DISTANCES OF THE SU 
ON THE COMMUNICATION OF HONEYBEES 
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Abstract—Experiments were carried out in Jamaica to measure the efficiency with 
which honeybees can communicate the direction of a food source when the sun is close 
to the zenith. The frequency at which newcomers arrived at a feeding dish was found 
to be lowered when the sun was within 3—4° of the zenith. But it never fell below 
ibout half the normal value even when the sun was within 1° of the zenith. The new- 
comers arriving at these times were not undirected scout bees, and not more than a 

ill proportion of them could have been delayed by inaccurate information. Reasons 
ire given for thinking it very unlikely that they could have orientated by the imme- 
diate sun position. How they may have received accurate directional information 


ndependent of the immediate sun position remains to be investigated 


INTRODUCTION 
[HE work of VON Friscu (1946, 1948) has shown that honeybees can communicate 
the direction of a food source by performing a dance on the comb such that the 
angle between the straight part of the dance and the vertical is equal to the angle 
between the azimuth (compass direction) of the food source and the azimuth of the 
sun. At the latitude of Central Europe where von Frisch carried out his experiments 
the sun is never very high in the sky, its azimuth can easily be determined, and the 
bees using it as a reference point are able to communicate the direction of a food 
source with reasonable accuracy (VON Friscu, 1948, 1950). The same applies in 
temperate zones in the Southern Hemisphere (KaLMus, 1956; Linpauer, 1959). 


But in the tropics the sun at certain seasons of the year follows a daily path that 


passes close to the zenith (i.e. directly overhead) at midday. The closer the sun 
gets to the zenith the more difficult it becomes to determine accurately its azimuth, 
and the more rapidly its azimuth changes. In the extreme case when the sun is 
exactly at the zenith it clearly has no azimuth. From a series of observations made 
in Ceylon, LinpaveR (1957) concluded that the dances of the foraging bees are 
disorientated when the sun passes within 2-5° of the zenith. What happens to 
honeybee communication on such occasions ? Does it cease, and if so for how long ? 
Does it continue but become very inaccurate ? Or is some mechanism used which 
is independent of the dances or of sun position? The work described here has 
been aimed at answering these questions. 


METHODS 


{ll the experiments were carried out with colonies of Apis mellifica in the grounds 
of the University College of the West Indies, Jamaica, 18° 00° N, 76° 45’ W. The 
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first series of observations was made in August 1959, starting on 1 August when the 
path of the sun at midday passed through the zenith, and continuing throughout 
the month as the path of the sun moved farther south. A second series of observa- 
tions was made in May 1960 as the sun moved northwards, its path passing through 
the zenith on 11 May 

The object of each day’s experiment was to allow a fixed number of marked 
bees from a known source to gather syrup from a feeding dish throughout the day, 
and to note any variation in the frequency with which unmarked bees arrived at the 
dish. If communication is hindered when the sun is close to the zenith then at 
such times the number of unmarked bees appearing would be expected to fall 

The feeding dish used in the August 1959 experiments was set up at the same 
place each day about 180 m south-east of the hive. The feeding dish used in the 
May 1960 series was also set up at the same place each day but at a point about 
220 m to the south-west of the hive. The bees that were trained to visit the dishes 
were marked so that they could be recognized individually and identified as coming 
from a particular hive. They were allowed to fly back and forth between the hive 
and the dish throughout the day. In the first series of experiments the time of 
arrival at the dish of each marked bee on each flight was recorded. When unmarked 
bees appeared at the dish their time of arrival was recorded and they were killed 
Great care was taken to prevent any unmarked bee from returning to the hive and 
hence being able to pay a subsequent visit to the dish as a result of having learned 
its position. 

Since weather conditions affect the numbers of bees appearing at a feeding dish, 
weather records consisting of observations on wind strength, rain, clear or obscured 
sun, temperature and percentage of sky free of cloud were taken every 15 min. The 
sugar solution used at the feeding dish was saturated to avoid changes in concentra- 
tion resulting from evaporation. It was lightly scented with khus khus, a grass- 
root extract quite distinct in smell from any common flowers in the neighbourhood 

As a final check that the unmarked bees were not attracted in the direction of the 
feeding dish other than by the marked bees, all the marked bees were caught 
periodically, when it was always found that the unmarked bees ceased arriving at 
the dish. 


RESULTS 
Frequency of arrival of bees at different times of day 


August 1959. Observations were made on three days when the noon zenith 


distance of the sun (i.e. the angle subtended at the observer by the zenith and the 
3 August), on three days when the noon zenith 


) 


sun) was less than 0-5° (1, 2, 
distance was 2—3° (10, 11, 12 


August) and on three days when the noon zenith 
distance was 4°5—5-0° (17, 18, 19 August). The results are summarized in Figs. 1 (a), 
(b) and (c).* 


* All times given in this paper are true solar times such that the sun always crosses the meridian 


of the observer at noon 
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Figs. 1(a) and (b) both show a considerable fall in the numbers of unmarked 
bees that appear at the feeding dish at midday, followed by a rise in numbers 
during the afternoon. (Calculation of the probability that the frequencies recorded 
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Fic. 1. Number of arrivals of bees at the feeding dish per half hour. Continuous line 
indicates unmarked bee Broken line indicates marked bee <4. (a) Combined results of 


three days (1, 2, 3 August) when noon zenith distance of sun less than 0°5°. (b) Combined 


results of three days (10, 11, 12 August) when noon zenith distance of sun 2-3". (c) Com- 


bined results of three days (17, 18, 19 August) when noon zenith distance of sun 4°5—5 


between 11.15 a.m. and 12.15 p.m. in Fig. 1(a) and between 11.15 a.m. and 
12.45 p.m. in Fig. 1(b) are random fluctuations from the mean frequency at other 
times gives P < 0-02 in both cases.) Fig. 1(c) does not show a midday fall of this 
kind; the numbers only undergo minor fluctuations throughout the experiment. 
The detailed weather records that were kept did not provide evidence at any 
time that flying conditions were worse at midday than in the morning or afternoon. 
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Furthermore, Fig. 1 shows that at no time was there any midday fall in the number 
of flights of marked bees. 

These results suggest therefore that the bees’ communication mechanism is 
impaired at midday when the noon zenith distance of the sun is less than 3—4 
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Fic. 2. Number of unmarked bees arriving per quarter hour at the feeding dish. (a) Ona 
day (12 May) when noon zenith distance of sun less than 0-5°. (b) Combined results of four 
days (6, 7, 9, 16 May) when noon zenith distance of sun 0-5-1-5°. (c) Combined results of 
five days (1, 2, 4, 24, 25 May) when noon zenith distance of sun 2-3 


May 1960. Experiments similar to those of August 1959 were carried out using 
larger numbers of marked bees (fifteen to thirty). ‘This increased the number of 
unmarked bees that came to the feeding dish and made possible a more detailed 
analysis of the midday effect. The results are summarized in Figs. 2(a), (b) and (c) 
(In this series the visits of the marked bees were only recorded in the experiments 
up to 12 May. No midday fall in the number of flights was detected.) 

The midday fall in numbers of unmarked bees on days when the noon zenith 
distance of the sun was 2—3° (1, 2, 4, 24, 25 May) was this time smaller than before 
(cf. Figs. 1b and 2c) but otherwise the results confirmed those obtained previously. 
(Calculation of the probability that the frequencies recorded between 11.45 and 
12.30 in Figs. 2(a) and (b) are random fluctuations from the mean frequency at 
other times gives P = <(-02 in both cases.) There seems little doubt therefore 
that the bees’ communication mechanism is markedly impaired at midday on any 
day when the sun passes within 3—4° of the zenith, and this is so both during the 
northern migration of the sun in spring and the southern migration of the sun in 


autumn. 
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Frequency of arrival of bees at different zenith distances of the sun 

Figs. 1 and 2 indicate an interference with communication at small zenith 
distances of the sun but do not give any precise information about the degree of 
interference at different zenith distances. This has been determined as follows: 

(a) The times were calculated at which the sun was 2°, 4°, 6°, etc., from the 
zenith on each day. (Sun declinations were obtained from the American Ephemeris 
and Nautical Almanac 1959 and 1960 and times could then be calculated from the 
formula: cos zenith distance = sin latitude x sin declination+cos latitude x cos 
declination x cos hour angle.) 

(b) ‘The number of unmarked bees appearing at the dish whilst the sun was 
between 02°, 2-4°, etc., from the zenith was divided by the duration in minutes of 
each of these 2° sun movements to give the average frequency of arrival during 
each 2° interval of zenith distance. 

(c) To obtain reasonably large numbers the results of several days were 
cembined, the values for the separate days being corrected to allow for differences 
in size of colony, number of marked bees used, etc. This correction is necessary 
because of the daily differences in the sun’s path. The correction was based on the 
frequency of arrival of bees during mid-morning and mid-afternoon, and the 
individual daily values were adjusted to those expected from a theoretical ‘average’ 
colony. Thus in combining results from a day when unmarked bees were appearing 
at the rate of 80/hr at these times with the results from a day when the frequency 
was 120/hr, the first day’s results would be multiplied by a correction factor of 5/4 
and the second day’s results by a correction factor of 5/6, thus turning both sets of 


results into those to be expected from an ‘average’ colony which would supply bees 


at 100/hr. No day’s results needed correcting by more than 50 per cent to bring 
them to the values for an ‘average’ colony. 

The combined corrected results are shown in the histograms of Fig. 3. The 
vertical line running up the centre of the histograms represents zero zenith 
distance of the sun (i.e. true solar noon). To the left of the line is shown the 
frequency of arrival of bees at the feeding dish during each 2° interval of sun move- 
ment just before noon, and to the right of the line the frequency of arrival during 
each 2° interval just after noon. Fig. 3(a) is derived from the observations of 
1-12 August when the daily path of the sun was receding to the south. The feeding 
dish during this period was about 180 m south-east of the hive. Fig. 3(b) is derived 
from the observations of 1-9 May when the sun was approaching from the south, 
and Fig. 3(c) from 12-24 May when the sun was receding to the north. The feeding 
dish during the May observations was about 220 m to the south-west of the hive. 

All three histograms are of similar shape, with frequency of bee arrivals falling 
as the sun approaches the zenith and rising again as it passes beyond the zenith. 
The May histograms show a gradual rise after noon but the fall before noon is more 
rapid and begins at about 4° sun zenith distance. The August histogram shows a 
more gradual fall before noon followed by a fairly rapid rise after noon, but the 
numbers involved here are very small and it is doubtful if this difference from the 
May histograms is of any significance. Histogram (3d) is the sum of (a), (b) and 
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(c), and emphasizes the sharp fall in frequency that occurs around 4° before noon. 
Since it has already been shown that it is only on days when the sun passes within 
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Fic. 3 Frequency of arrival of unmarked bees at the feeding dish for different zenith 
distances of the sun. Calculated from: (a) Combined results of 1, 2, 3, 10, 11, 12 August 1959 
(b) Combined results of 1, 2, 6, 7, 9 May 1960. (c) Combined results of 12, 16, 24 Mav 1960 
(d) Sum of (a), (b) and (c). 
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3-4° of the zenith that any midday fall in frequency is noticeable, the evidence 
becomes very strong that 3—4° is a critical sun position and that if the sun moves 
closer than this to the zenith communication is markedly hindered. This is not 
invalidated by the fact that Fig. 3(d) shows a more gradual rise to the normal 
frequency after noon; it may well be that any of the marked bees that have ceased 
communicating around noon do not start again the first moment the sun is in a 
favourable position, but behave as they would do on finding a new food source, 
making several flights to it before performing dances 


>» Dish No.8 


Fic. 4. The position of feeding dishes used May 1960. ‘The marked bees worked at Dish 5 


The most surprising feature of the histograms of Fig. 3 is that they show that 
even when the sun is within 2° of the zenith the frequency of arriving bees has only 
fallen to about half of the normal value. (Examination of the times of these arrivals 
shows that they are not significantly less frequent even when the sun is within 1 
of the zenith.) How is this to be accounted for ? If the direction of the feeding dish 
is being communicated relative to sun position then a remarkably accurate 
mechanism of perception must be involved, because at small zenith distances of the 
sun a slight error in estimating the relative positions of sun and zenith will give a 
very large error of sun azimuth. Furthermore, at small zenith distances of the sun 
its azimuth is changing very rapidly and however accurately the azimuth was 
perceived at one instant this information would be highly misleading to a bee that 
received it a few minutes later. But before the possibility is examined that bees 
possess mechanisms to deal with these problems, two more obvious possible 
explanations for the arrival of unmarked bees at the feeding dish at small sun 
zenith distances must first be considered. ‘They are (a) that these bees are 
undirected ‘scout’ bees which have arrived by chance at the feeding dish, and (b) 
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that these bees were directed at larger zenith distances but were given inaccurate 
information and consequently took a long time to find the dish 


Are the bees arriving at small zenith distances of the sun undirected ‘scout’ bees ? 


If the bees arriving at the feeding dish at small zenith distances of the sun are 
undirected scout bees, then similar numbers of such bees should appear at a 


similar dish set up at the same distance from the hive in any other direction 


Rain on May /2™ 


BEES PER HALF HOUR 





ZENITH DISTANCE OF SUN 





é 
oS 
~~ 


APPROXIMATE TIME 
Fic. 5. Frequency « 1 inmarked bees at different zenith distance 
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Fig. 4 shows the position of two such control dishes (Nos. 7, 8) which were set 
up while the marked bees were working at the dish (No. 5) which was used through 
out the 1960 experiments. Dish 7 was set up between 11.00 a.m. and 1.30 p.m. on 
12 May (noon zenith distance of sun < 0-5°). No bees arrived at it, although during 
the same period 250 unmarked bees arrived at Dish 5. Dish 8 was set up between 
11.00 a.m. and 1.0 p.m. on 16 May (noon zenith distance of sun 1-2"). Again no 
bees arrived although during the same period 382 unmarked bees appeared at 
Dish 5 

The bees arriving at Dish 5 at small zenith distances of the sun cannot there- 


fore be scout bees 
Have the bees arriving at the feeding dish at small zenith distances of the sun been 
delayed by inaccurate information ? 


Von Friscn’s observations (1948, 1950) on accuracy of direction communication 


indicate that even when the sun is not near the zenith appreciable numbers of bees 
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arrive at dishes placed 15° or more from the correct one Such errors seem likely 


to be more frequent when the sun approaches the zenith, and the bees arriving at 
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Fic. 6. Effect of removing marked bees on frequency of arrival of unmarked bees. (a) 
Marked bees caught when the sun was more than 15° from the zenith. Combined results of 
four experiments. (b) Marked bees (except one) caught when the sun was <1-5° from the 
zenith. (The scale indicates zenith distance of the sun in degrees.) 
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the feeding dish when the sun is very close to the zenith may merely be bees 
delayed as a result of time spent in random searching. If this is correct it should be 


detectable in two ways: 


(a) Unmarked bees should arrive more frequently at a dish placed at a short 


distance from the one where the marked bees are working as the sun approaches the 
zenith 

(b) If all the marked bees are caught when the sun is close to the zenith un- 
marked bees should continue to arrive in larger numbers, and for longer, than if the 
marked bees are caught when the sun is far from the zenith 

Fig. 4 shows the position of a feeding dish (No. 6) set up 14° (54 m) from Dish 5 
where the marked bees were working. Dish 6 was set up from 11.00 a.m. to 1.0 p.m 
on three days (9, 12, 16 May) when the sun passed within 1-2° of the zenith. Fig. 5 
shows the frequency of arrival of bees at Dish 6 for each 2° interval of sun zenith 
distance, compared with the frequency at Dish 5. (The duration of each 
interval was similar on all three days and therefore no correction factor was applied 
before adding the results together.) ‘The number of unmarked bees visiting Dish 5 
falls around noon by about 30/half hour, but there is no indication that these 
‘missing bees’ are searching in the surrounding neighbourhood. The very low 
frequency of visits to Dish 6 is maintained right through the period when the sun is 
close to the zenith and shows no signs of rising 

Fig. 6 shows the effect of catching the marked bees as they arrive at Dish 5 on 
the numbers of unmarked bees arriving at that dish. Fig. 6(a) gives the combined 
results of four such experiments, all performed when the sun was more than 15 
from the zenith. ‘The time of capture of the first marked bee is taken as zero and 
the capture of all the marked bees was always completed within 10 min. The 
average number of unmarked bees appearing at the dish before zero time was 
(four days combined) about twenty-eight every 5 min. During the 5 min following 
the capture of the marked bees only four unmarked bees appeared, and after this 
time there was none. A similar experiment was carried out on 14 May (Fig. 6b) 
but this time all but one of the marked bees were caught while the sun was within 
1-5° of the zenith (the remaining marked bee did not appear until 20 min later and 
was then also caught). The result was not significantly different from those of 
Fig. 6(a). Only two unmarked bees appeared in the 5 min following the capture of 
the twenty-one marked bees, and only one more appeared in the next half hour 

There is no evidence, therefore, either from the number of unmarked bees 
appearing at a control feeding dish, or from the number of unmarked bees appearing 
after capture of the marked bees, that when the sun is close to the zenith large 


numbers of bees are delayed as a result of inaccurate information 


DISCUSSION 
In this paper evidence has been presented that when the sun ts close to the 
zenith the mechanisms by which honeybees communicate the direction of a food 
source become less efficient. This has nothing to do with the midday pause in 
general flying activity that has sometimes been reported (see RIBBANDs, 1953, p. 71) 
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because the marked bees continued to arrive at the feeding dish with the same 
frequency during the midday period, and furthermore in a control experiment when 
the noon sun was 4-5—5° from the zenith (Fig. lc) there was no midday drop in 


frequency of either marked or unmarked bees. 

The results suggest that the decline in communication efficiency becomes 
marked when the sun approaches within 3-4° of the zenith. This is shown both 
by the days on which the decline occurs and the times of day when it begins and 


ends. LINDAUER (1957) concluded from observations on the dances of the foragers 
when the sun was passing close to the zenith that the dances were disorientated 
when the sun zenith distance was less than 2-5°. The agreement between my 
results and Lindauer’s, though not perfect, is very good and strongly suggests that 
the decline in communication efficiency is due to a breakdown in the normal 
orientated-dance mechanism. 

Lindauer found some difficulty in persuading even trained foragers to visit a 
feeding dish when the sun was close to the zenith. I did not find this. Possibly my 
trained bees had learnt to rely more on landmarks for orientation, or the fact that 
other food sources were in short supply may have made them more active even 
under adverse conditions. 

Perhaps the most unexpected of my results was that the unmarked bees 
continued to arrive at the feeding dish at not less than about half the normal 
frequency even when the sun was within 2° of the zenith (Fig. 3). ‘These bees 
could not possibly have learnt the position of the dish at some previous visit, 
because every unmarked bee was killed the moment it arrived at the dish and never 
had an opportunity to make more than one visit (as a proof both of this, and that 
the unmarked bees have no tendency to fly spontaneously in the direction of the 
dish, is the fact that when the marked bees were caught the unmarked bees always 
stopped coming). 

Evidence has been given that the unmarked bees that arrive when the sun is 
close to the zenith are neither undirected scout bees nor bees delayed as a result of 
inaccurate information. Fig. 5 shows that for several days the sun is within 2° of 
the zenith for about 16 min each day, and during this time the frequency of arrival 
of unmarked bees is about half that at greater zenith distances. But Fig. 6 shows 
that if at any time of day the marked bees are caught, the number of unmarked bees 
arriving at the dish falls to zero in about 5 min. Only a very small proportion of 
the bees arriving when the sun zenith distance is less than 2° can therefore be 
accounted for by supposing that they received information when the sun was 
farther from the zenith but were then delayed. The majority of these bees must 
have received the information, and navigated, whilst the sun was within 2° of the 
zenith. Furthermore, examination of the times when these bees arrived at the 
feeding dish shows no significant fall in frequency of arrival even when the sun 
is within 1° of the zenith. 

Is it conceivable that the bees can use the azimuth of the sun as a reference line 
for communicating direction, when the sun is so very close to the zenith? 
Lindauer’s observations of the disorientated dances indicate that they cannot. And 
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on theoretical grounds it would seem very unlikely. Assuming, as seems highly 
probable, that the bees’ perception of the position of the zenith is based upon their 
perception of the direction of gravity, it would be necessary for them to make an 
accurate comparison between the direction of gravity and the direction of the sun 
Gravity receptors in bees have recently been described by LINDAUER and NepeE! 
(1959) but little is known about their precision; maximum visual acuity of bees 
seems to be about 1° visual angle (Hecut and Wo rr, 1929). It is very likely that 
bees do have unusually good perception mechanisms for both sun direction and 
gravity, because they so frequently use the sun for navigation, and gravity for 
orientating their communication dances. But the accuracy of perception required 
in the present instance would be of quite a different order. When the sun is 2 
from the zenith an error of 1° in assessing the positions of both the zenith and the 
sun will give an error of sun azimuth of up to about 60°; at 1° zenith distance the 
azimuth error may be up to 180°. Moreover the sun azimuth at these small zenith 
distances is changing rapidly and at a varying rate. It seems extremely unlikely that 
at these times the bees can use it for orientation or communication 

The evidence strongly suggests that a communication mechanism independent 
of the immediate sun position is being used to indicate the direction of the feeding 


dish. Experiments are being carried out at present to try to find such a mechanism 


SUMMARY 
1. Experiments were carried out in Jamaica to measure the efficiency with which 
honeybees can communicate the direction of a food source when the sun ts close to 
the zenith. ‘The measure of communication used was the frequency of arrival of 
new (unmarked) foragers at a feeding dish whilst it was being worked by a fixed 


number of trained (marked) foragers making visits at a constant frequency 
) 


within 3—4° of the zenith. But it never fell below about half the normal value ever 


Che efficiency of communication was found to be lowered when the sun was 


when the sun was within 1° of the zenith 

3. The newcomers arriving at the feeding dish while the sun was very close to 
the zenith were not undirected scout bees, and not more than a small proportion of 
them could have been delayed by inaccurate information. Reasons are given for 
thinking it very unlikely that they could have orientated by the momentary 


sun position. How they may have received accurate directional information 


independent of the immediate sun position remains to be investigated 


Icknowledgements—I1 am very grateful to Dr. H. KaLMus for reading the typescript and 
for the help he has given me in preparing the final version. I would also like to thank 
Dr. J. K. New, Mr. A. J. EpGar, Miss F. R. Burrowes, and Miss L. E. ‘TuLLocn for helping 
me to carry out the experiments, and Dr. C. Barrow for advice on calculating solar times 


and sun zenith distances 





D. A. T. New 


REFERENCES 

FriscH K. von (1946) Die Tanze der Bienen. Osterr. Zool. 1, 1-48 (also: 1947, Bull. Anim. 
Behav. 5, 1-32). 

FRISCH K. von (1948) Geléste und ungeléste Ratsel der Bienensprache. Naturwissenschaften 
35, 12-23, 38-43 (also: 1951, Bull. Anim. Behav. 9, 2-25). 

FriscH K. von (1950) Bees; Their Vision, Chemical Senses and Language. Cornell, Ithaca, 
N.Y 

Hecut S. and Wo rF E. (1929) The visual acuity of the honeybee. 7. gen. Physiol. 12, 707- 
760 

Kaumus H. (1956) Sun navigation of Apis mellifica L. in the Southern Hemisphere. 7. exp. 
Biol. 33, 554-565. 

LINDAUER M. (1957) Sonnenorientierung der Bienen unter der Aquatorsonne und zur 
Nachtzeit. Naturwissenschaften 44, 1-6 

LINDAUER M. (1959) Angeborene und erlernte Komponenten in der Sonnenorientierung 
der Bienen. Z. vergl. Physiol. 42, 43-62. 

LINDAUER M. and Nepe J. O. (1959) Ein Schweresinnesorgan der Honigbiene. Z. vergl. 
Physiol. 42, 334-364 

RiBBANDS C. R. (1953) The Behaviour and Social Life of Honeybees. Bee Research Associa- 
tion, London 





J. Ins. Physiol., 1961, Vol. 6, pp. 209 to 214. Pergamon Press Ltd., London. Printed in Great Britain 


L’,ANHYDRASE CARBONIQUE CHEZ LES ARACHNIDES 
METHODE DE MESURE ET RESULTATS CHEZ QUELQUES 
ARAIGNEES LUCIFUGES ET LUCICOLES 


LOUISE DRESCO-DEROUET 
Laboratoires de Physiologie et de Zoologie du Muséum de Paris 


(Received 13 February 1961) 


Abstract—Carbonic anhydrase is assayed in spiders by a new manometrical method 


Enzyme activity is demonstrated in all species studied that have carbonic anhydrase in 
their blood and in their tissues. Blood pH is alkaline but near to neutrality, mean 7-22 


INTRODUCTION 
Les ARAIGNEES ont une réserve alcaline élevée par rapport a celle des Insectes 
(Buck, 1953; Dresco-Derovet, 1959). D’autre part, les valeurs du pH sanguin 
semblent indiquer que la régulation de la balance acide-base se fait 4 un niveau 
alcalin plus élevé que chez les Insectes. La présence d’un enzyme permettant la 
libération du gaz carbonique du sang dans la phase gazeuse apparait necéssaire. 


MATERIEL 
Les Araignées utilisées dans ce travail appartiennent a des espéces lucicoles: 
Araneus diadematus Cl. et A. quadratus Cl., Argiope bruennichit (Scopl.) et a des 
espéces lucifuges: Meta menardi Latr. et M. bourneti Sim., Tenegaria saeva BI. et 
T. parietina (Fourcr.). 


TECHNIQUES 

L’anhydrase carbonique est mesuré par une méthode manoméetrique: lecture 
du volume de CO, dégagé, en fonction du temps, dans un respirométre a pression 
constante du type manométre de Barcroft. 

L’appareil (Fig. 1) se compose d’un bloc métallique (en alliage d’aluminium, 
ce qui permet I’équilibre rapide de la température) dans lequel sont creusées deux 
chambres de méme volume (65 cm*) dont les parois sont recouvertes de paraffine 
Ces chambres sont reliées entre elles: premiérement a l’intérieur du bloc par un 
conduit muni d’un robinet; deuxiémement extérieurement par un tube mano- 
métrique en U qui contient un index de pétrole raffiné trés fluide. La chambre 
témoin, A, communique avec I’extérieur par un tube et un robinet, la chambre 


d’expérience est reliée 4 un tube manométrique vertical, clos, calibré, C, dans 


lequel on peut déplacer une colonne de mercure. 
Dans la chambre A on place, en gouttes séparées: 1 cm* de tampon et 0,6 cm* 
d’eau distillée. Dans la chambre B on met, également en gouttes isolées: 1 cm* de 
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tampon, 0,5 cm* de bicarbonate et (),1 cm* de la solution a analyser. On recouvre 
chaque chambre d’une plaque de verre siliconée, on ferme R,, on attend 15 min 


que s’établisse |’équilibre, puis on ferme R,. On agite l'appareil 10 sec exactement 


Mead 


t 


;+— 


oDinet mettant ef 


deux chambre 


nique 


] 


les solutions. Toutes les 30 sec on rétablit | 


équilibre du mano 
métre l’ par le déplacement du mercure dans le manométre C sur lequel s’effectus 


la lecture du volume dégagé. On porte sur un graphique les variations de volume 


180 


Controle / Z d 2 26.2 252 244 
Contrdle / 7 271 2 2 253 244 


Abdomen (23 : 7 58 2¢ 235 225 188 
Id 2 245 23¢ 224 189 


Aawmwu 


en fonction du temps. Les quantités d’anhydrase carbonique sont exprimees en 
unités Mitchell (MITCHELL et al., 1945). Des mesures successives de contrdéle 
et de parties aliquotes d’un méme échantillon donnent des valeurs comparables, 
ce qui atteste la fidélité de l'appareil (Tableau 1). L’élévation de température 


accélére de dégagement de CO, ainsi que le montre la Fig. 2 





L’ANHYDRASE CARBONIQUE CHEZ LES ARACHNIDES—1 211 


Le sang est recueilli au moyen d’une micro-aiguille de verre par ponction dans 


le pédicule. Chez les grosses espéces utilisées, il est prélevé 2,5 ou 3 mm® de sang 


qui sont immédiatement dilués dans 0,2 cm* d’eau distillée. Deux mesures sont 


ture ir le ce gagement 
ibscisse | m en ordonnée les volumes d 


humain sang Meta bourneti; 4&, mesure de contrék 


ainsi possibles. Pour la recherche de l’anhydrase carbonique dans les tissus, kk 


sang est d’abord extrait le plus complétement possible par pression en évitant 
l’écrasement. L’abdomen et le céphalothorax (appendices 6tés) sont pesés et 
broyés, soit ensemble, soit séparément dans 15 a 20 fois leur poids d’eau distilléc 
et portés au frigidaire 4 4-5° pendant 15 a 18 hr. Aprés centrifugation a faible 
vitesse, 0,1 cm* du surnageant est prélevé, dilué dans 0,1 cm* d’eau et le dosage 
est effectué comme pour le sang. Quelques mesures ont été faites sur des poumons 


isolés et dilacérés dans 0,2 cm’ d’eau distillée 


RESULTATS 


Lanhydrase carbonique est présente dans le sang et dans les tissus (‘Tableaux 


3). Les variations individuelles, en général assez grandes (exemple: sang de 
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Veta menardi, 4,33—8,84; Araneus diadematus, 2,84-4,38) sont nettement plus 
fortes pour l’'abdomen {| lraneus: 1,16-14,10), la nature du contenu abdominal 


n’ayant pu étre controlé avant de sacrifier l’animal. L’anhydrase carbonique existe 


CARBONIQUE EXPRIMEES EN UNITES MITCHI 
PAR mm” DE SANG 


Te renartia Veta Veta lraneus 
aeva Bl menard Li bourneti Sim diadematus Cl 
4 46 33 5.37 2.84 

3.94 5,17 4,12 
9 16 5 3 4.38 

R4 6.87 

35 3.45 


déja dans les oeufs. (Araneus: 3,02; Tegenaria saeva: 5,81; Meta menardi: 6,13) 
Dans les poumons les quelques mesures effectuées ont donne des valeurs irrégu 
liéres: Tegenaria et Meta: 22,7; 9,26; 15,13 


ARBONIQUE EN UNITES MITCHELL PAR mg DE TISSI 


diadematus C} Veta menardi Latr 


Move nne 


Erreur-type 


Les mesures qui ont été faites sur des animaux ayant séjourné au froid a une 
température comprise entre 5° et 9° ont donné des valeurs comparables a celles 
trouvées pour les animaux ayant toujours séjourné entre 15° et 20 

Dans l'ensemble, les valeurs d’anhydrase carbonique sont assez groupées 


ainsi que le montre l’examen des graphiques (Figs. 3, +). Les différences de valeur 


de l’anhydrase carbonique qui existent entre espéces différentes ne sont pas signifi- 


catives a plus de 50 pour cent, et ceci entre especes lucifuges et lucicoles, ainsi qu'il 
ressort du calcul du test ‘t’ pour la différence des moyennes 
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Le pH du sang, mesuré a l'aide des bandes colorées Merck, est toujours alcalin, 
mais voisin de la neutralité. Le sang s’acidifie trés rapidement au contact de I’air, 


et méme lorsqu’il est conservé en ampoules scellées: 
pH du sang: Genre Meta xX a 7,/ 20) 
Genre Tegenaria X =7,2 a 7,! 10) 


Genre Araneus X 7, 7a7,3 8) 


CONCLUSIONS ET DISCUSSION 

Les especes d’ Araignées étudiées presentent une différence nette avec les 
groupes d’Insectes étudiés du point de vue des mécanismes susceptibles de régler 
les transferts du CO, au cours du métabolisme respiratoire. 

L’anhydrase, présente dans les deux groupes d’Arthropodes, Araignées et 
Insectes, permet un dégagement rapide du CO, provenant des combustions 
cellulaires et il diffuse dans le sang. Chez les Insectes 4 faible pH sanguin, la 
formation de carbonates est négligeable, aussi, malgré l’absence d’anhydrase car- 
bonique dans le sang, le CO, peut étre rapidement libéré dans la phase gazeuse 
(Buck et FrreEDMAN, 1958; Kress et RouGHTON, 1948; LeveNBooK, 1950; VAN 
Goor, 1948). Chez les Araignées a pH sanguin élevé, a forte réserve alcaline, c’est 
l’anhydrase existant dans le sang qui permet une libération suffsamment rapide du 
CO, dans le cycle respiratoire. 

Le faible écart entre les valeurs de l’anhydrase carbonique des espéces lucifuges 
et lucicoles n’est pas comparable a celui qui existe entre les valeurs des intensités 
respiratoires de ces espéces (Dresco-Derovuet, 1960). La différence importante 
des intensités respiratoires n’est donc pas imputable a une plus ou moins grande 
rapidité de libération du CO, dans le cycle respiratoire, mais 4 un métabolisme 
d’intensité ou de nature essentiellement différente. I] convient néanmoins de 
poursuivre la recherche de l’anhydrase carbonique chez d'autres espéces et d’en 


suivre l’évolution au cours du développement. 
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De present 


Abstract— Choline te 

domestica was purified 20-fold Michaelis—Menter 
for acetvl-CoA was found to b +6 10°*M lhe K, 
3+4x10°'*M when chemica t ‘ 

vhen enzymicall produce acet 

2:2x10°*M Che maximal elocit' 

higher with enzymically produced 


CoA as substrate 


INTRODUCTION 
Because of the probable importance of acetylcholine (ACh) in the transmission 
of the nerve impulse, its enzymic synthesis has evoked much interest in the past 
decade and has been described from a number of organisms (Hess, 1957). Although 
insects offer one of the richest known sources of choline acetylase (ChA) very 
little is known regarding its properties. Moreover, it now appears that the ChA 
obtained from different sources may have different properties. ‘The temperature 


optimum of the enzyme obtained from various sources varies considerably, 


especially between vertebrates and invertebrates (COLHOUN, 1958; MILTON, 1958, 


1959; Menrotra, 1960). In addition, a comparison of the Michaelis—Menten 
constant values of this enzyme for acetyl-CoA from squid ganglion (REISBERG, 
1957) and rabbit brain (SMALLMAN, 1958) shows a 100-fold difference. Further- 
more, ChA from squid ganglion is known to be inhibited by iodoacetic acid and 
other thiol reagents (BERMAN, 1954; ReisBerG, 1957), whereas the enzyme from 
Vlusca domestica and Periplaneta americana has recently been shown to be quite 
insensitive to iodoacetic acid, both im vivo and in vitro (Boccacci et al., 1960) 
lherefore, purification of the enzyme from the house fly and a study of some of the 


properties of the purifi d enzyme was undertaken 


EXPERIMENTAL METHODS AND RESULTS 
Vaterial 
The insects used in this study were adult house flies, MW. domestica L., taken 
from a laboratory culture maintained according to Fisher and Jursic (1958) 
Che adults were provided with water and sugar until they were killed 5-10 days 
after emergence 
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\cetone-dried powders were prepared from the heads of house flies. The 
flies were immobilized by putting them for 30 min in a cold room maintained at 
0°C and the large number of heads were easily collected by the method described 


by Moorerie_p (1957). ‘The heads were ground in a cold mortar in dry acetone at 


0°¢ Che volume of acetone used was 50—100 times the volume of tissue. The 
acetone suspension was filtered in the cold and the resultant powder was stored over 


CaCl, in an evacuated desiccator at 5°C until used. 


Purification 

[he enzyme was purified according to the method of BERMAN eft al. (1953) 
with minor modifications. ‘The acetone powder was extracted with 0-9% KCl 
and centrifuged. ‘The proteins of the supernatant solution were precipitated 


RIFICATION OF CHOLINE ACETYLASI 


s/ml* ‘Total Protein Specific Recover. 
Units | (mg/ml)| activityt 


1040 24-2 0-21 100 


624 15-0 0-80 


520 6:2? 


420 4-8 


ynthesized 1 pM ACh hr 


by adding sufficient solid ammonium sulphate to make it 50 per cent saturated 
[he precipitate which contained most of the enzyme was dissolved in 0-9' 
<Cl-cysteine anc 1©@ ammonium sSuiphate remove »9Y CGilalysis agains ; 
KCl-cyst i tl Iphat 1 by dial t 0-9 
K Cl—cysteine rotamine sulphate (2 solution) was then addec ig 
KCl t Prot Iphate (2 lution) tl ided (1 n 
per 10 mg of protein) and the precipitate formed was removed by centrifugation 
and discarded. A second ammonium sulphate fractionation of the supernatant 
fluid was done and the fraction collecting between 15 and 35 per cent saturation of 
ammonium sulphate was collected since it contained most of the enzyme. 

The data of one such preparation in which a 20-fold purification of the enzyme 


was obtained are given in Table 1 


Issay method 

The activity of ChA, during purification, was measured according to the 
method of ConEeN (1956). The enzyme was incubated in small test tubes in a 
water bath maintained at 25°C. Unless otherwise stated the final concentrations 
in the incubation mixture were as follows (uM/ml): cysteine, 8-0; KCl, 26-5; 
MgCl,, 5-0: acetylphosphate, 15-0: choline chloride, 15-0: CoA (Pabst), 0-1; 
eserine sulphate, 0-39; phosphate buffer (pH 6-9), 6-7; purified phosphotransacety- 
lase obtained from Clostridium kluyverii, 0-20 mg protein/ml; and the enzyme 0-2 
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z 


mg protein/ml. ‘The reaction was stopped by the addition of 0-5 ml of 0-3 N HCl. 
Correction for the possible presence of ACh at the beginning of the reaction was 
made on an aliquot withdrawn immediately after the start of reaction. 

The ACh formed in the incubate during the reaction was determined both by 
the bioassay on frog’s rectus abdominis muscle and by the chemical method of 
HEsTRIN (1949). ‘The method of bioassay permitted correction for other sensitizing 
agents (FELDBERG, 1945). Also, when the chemical method for the estimation of 
ACh was used the acetylphosphate in the incubate was destroyed by maintaining 
the incubate at 100°C at pH 4-0 before performing the test 


Fi 


substrate | pM mg hr 
Reaction mixture contained the foll 


26°5: MgCl, 5-0: eserin ulpl 


6°9).6°7: KC] 
10-0 and various concentrations of acety]-( 
ot choline (c)} cetyl pl osphate 15-0 ( oA 


and various concentrations of choline. t 25° 
Whenever chemically pure acetyl-CoA was used, it was prepared by acetylation 
of CoA with acetic anhydride, purified by paper chromatography and measured 


spectrophotometrically as outlined by NoveLii (1955). ‘The protein was determined 
by the method of Lowry et al. (1951). 


4. Determination of Michaelis-Menten constant 
The Michaelis-Menten constant (K,,,) was determined with respect to cholin 


and acetyl-CoA so as to formulate the concentrations of substrates for the maximal 
activity 
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Fig. 1 shows the rate of acetylation of choline at different concentrations of 
choline and acetyl-CoA plotted according to the method of LINEWEAVER and 


Burk (1934). Each point used in the plot was the specific activity (uM mg~'hr-') 


calculated from the initial 10 min incubation period. In conformity with the 
normal enzyme-substrate relationship, the data gave a straight line with the slope 
value of 46 x 10-* M for acetyl-CoA (curve a). The K,, value 


’ 


indicating a K,, 


for choline, however, was found to change with the method of assay of enzyme; 
with chemically produced acetyl-CoA the K,, value obtained was 3-4 x 10-*M 


ACETYLATION OF CHOLINE BY CHOLINE ACETYLASE AS A FUNCTION OF 
TIME AND ENZYME CONCENTRATION 


Ihe reaction mixture contained in addition to the enzyme as indicated 
the following in uM/ml: acetyl-CoA, 5; choline, 10; phosphate buffer 


pH 6-9), 6 L-cysteine, 8-0; KCl, 26:5; MgCl., 5-0; eserine sulphate 
0-39. ‘Total volume 2 ml, t 25°¢ 


Choline acetylated (4M) 
in the following times (min) 


0-04 
0-07 


0-16 


(curve b), whereas the K,, value was found to be 2:2 x 10-4 M when enzymically 
produced acetyl-CoA was provided (curve c). This suggests that the enzyme was 
more saturated with respect to choline under these conditions. Moreover, it ts 
also apparent from the data that V,,,, (maximal velocity) values for the reaction 
with chemically pure acetyl-CoA as substrate are nearly identical (curves a and 
b), whether they are taken from the acetyl-CoA curve or from the choline curve 
obtained by using acetyl-CoA as substrate. However, if comparison is made 
between the two V,,,, values obtained for the reaction by using chemically pure 


x 


acetyl-CoA and that produced by phosphotransacetylase and acetyl phosphate 
—_ 


(curves b and c), it becomes apparent that the | value with acetvl-CoA is 


ibout 30 per cent of that obtained with the transacetylase system 
5. Effect of enzyme concentration on the rate of reaction 


‘able 2 shows the reaction rate as a function of time and the enzyme concentra- 
tion. ‘The approximate linearity of the rate of ACh formation with time and enzyme 
concentration indicates that the enzyme was saturated with respect to substrates 
hese results also indicate that the preparation was a stable enzyme system which 
might reasonably be anticipated to be free of complicating and unknown secondary 


features 
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DISCUSSION 

Despite the recent interest in the mechanism of synthesis of ACh in insects, 
little attention has been given to the reaction kinetics of the enzyme. SMALLMAN 
(1956) reported that in the blow fly the synthesis of ACh proceeded by a two-step 
reaction (1, acetyl-CoA formation and 2, acetylation of choline) as in vertebrates 
and that citrate as well as acetate could be used as acetyl donor. An essentially 
similar finding has also been reported by FRONTAL! (1958) for the house fly. Until 
now these findings provided only the mechanism and components for the synthesis 
of ACh by ChA, but they afforded little knowledge of the reaction kinetics and the 
affinity of the enzyme for substrates, choline and acetate 

In the present experiments the enzyme from the house fly head was purified 
20-fold. The K,, of the enzyme for acetyl-CoA was found to be 4-6 x 10-*M 
his A,,, is markedly different than that reported by previous workers for the same 
enzyme obtained from squid ganglion and rabbit brain, for Retsperc (1957) found 
the A,,, for acetyl-CoA to be 1-6 x 10-* M for a 10-fold purified preparation from 
squid ganglion and SMALLMAN (1958) obtained a A,, value of 2-2 x 10-° M, for 
acetyl-CoA, from rabbit brain. However, the contrast is not so great if comparison 
is made with the only other known value of A,, for choline reported by REISBERG 
(1957) tor the enzyme from squid ganglion, it was observed to be 5 x 10-* M as 
compared to 3-4 x 10-* M for the house fly in the present experiments 

‘he difference in the A, for acetyl-CoA of enzymes from different 
indicates that they differ in their affinity to substrates. The differences 
from different sources have also been noted in the temperature optimum of the 
enzyme and effect of inhibitors. It has been shown that ChA obtained fron 
mammalian sources has a higher temperature optimum than ChA’s from other 
vertebrates and invertebrates (CoLHOUN, 1958: Mitton, 1958, 1959; MEHROTRA 
1960). Moreover, the recent finding of Boccacct et al. (1960) shows that ChA’s 
from Musca domestica and Periplaneta americana are not inhibited by 1todoacet 
both im vitro and in vivo, whereas the enzyme from squid ganglion is know: 
inhibited by iodoacetic acid and by other thiol reagents (BERMAN, 1954; Re! 
1957). ‘These differences are significant and presumably reflect a differ 
protein structure and also may have a great physiological importance 

hese results on the house fly confirm the observations of BERMA? 
(1953), Wairraker (1953), Retsperc (1957), and SMALLMAN (1958), that the 


; 


of synthesis of ACh by the enzyme is markedly lower when measured wit! 


chemically produced acetv!-( oA as substrate thar vith enzymK lly produced 
ince WHITTAKER (1953 


SMALLMAN (1958) used crude extracts whereas REISBERG’S 7) work and 


icetvl-CoA This discre pancy appears to be gene! il 


present experiments purified enzymes were used. Howeve 

in the effectiveness with which chemically-produced acetyl-¢ 

substrate by the enzymes from different sourc Thus Wu 

that the rate of ACh synthesis from acetyl-CoA by a crud pig 

was less than 10 per cent of that obtained in the presence of an enzymic acetyl-( oA 


donor system (ur re sults with hous flies and those of By RMAN ef al (1953 ind 
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REISBERG (1957) on the purified preparation from sq iid ganglion show that the 
enzyn ynthesized ACh from chemically pure acetyl-CoA at only 30 per cent of 
the rate obtained with a donor system consisting of acetylphosphate, CoA, and 


phosphotransacetylas« vever, SMALLMAN (1958), with enzyme from rabbit 


brain, found that th« f ACh with acetyl-CoA was nearly 50 per cent of 
f 
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Abstract—Olfacto 
» the icinity oO icceptable 


olutions of high concentratior Althoug! 


cause proboscis exter oO the present studi produced no evidence that 


ves feeding het 10 evidence that icceptal le ethanol solution 


noreceptor although concentrat 1 solution ire rejected (even 


rh the mediation of the contact cher oreceptor Lhe augmented 


ethanol solution is compared to solutions without ethanol) 


ilt of post-inge on effects that cause a flv to imbibe more often 


Superimposed on t ffect is a gradual diminution of total fluid intake 


concentrat his 1s believed to result from some depré int 


of ethane 


INTRODUCTION 

‘HE EXTENT to which odours may influence ingestion by animals has never been so 
thoroughly investigated as has the influence of taste (cf. Le MAGNEN, 1953). One 
of the most thorough studies with vertebrates was that conducted on the hooded 
rat by KAHN and STELLAR (1960). It showed that a preference for low concentrations 
of ethanol and a rejection of high concentrations was mediated principally by 
olfaction. With invertebrates the most extensive studies on this subject have been 
concerned with plant-feeding insects. Odours were shown to be important for 
foodplant recognition by these species (DETHIER, 1947; ‘THORSTEINSON, 1960); 
however, the role of odours as actual feeding stimulants (cf. DeTHier, 1941, 1953) 
is still in doubt (THORSTEINSON, 1960). 

Since a great deal of information about the role of taste stimuli in feeding by the 
blowfly has been accumulated, it was decided to employ this insect in an attempt to 
assess the role of odours. It was planned specifically to ascertain whether or not 
odours could initiate and drive ingestion or in any way influence the volume of 
food taken. Ethanol was chosen for testing because it is a common constituent of 
fermenting materials, upon which Phormia will feed, and because it was found to 


be nutritionally adequate. Furthermore, its choice permits a direct comparison 


with the feeding behaviour of the rat 


vork was aided by Grant B—1768 from the National Institute of Neurological Disease and 
of the National Institutes of Health, Public Health Service U.S.A 
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MATERIALS AND METHODS 


Four types of experiments involving the volume of various liquids ingested by 
flies were planned. First, measurements were made of the amount taken at a 
single drink. Second, the amount consumed ad libitum over a 24 hr period was 
measured. Third, daily intake was measured in situations where, instead of having 
only one solution available, the fly was given access to two different solutions at the 
same time. Test solutions included distilled water and twelve different concentra- 
tions of ethanol. The ethanol series ranged from 10-"’ M to 1 M in tenfold steps 
and included as final concentrations 2-5 M and 5-0 M. Each measurement was 
made on normal flies and on anosmic flies. Flies were rendered anosmic by 
ablation of the antennae and labellum. 

Measurement of the volume of fluid taken at single drinks was made by removing 
and weighing the crop of the fly after ingestion or, if it was planned to employ the 
fly in further experimentation, by timing the duration of drinking. The latter 
measurement provides a usable value for intake because a relatively constant 
relation exists between the duration of feeding and the volume ingested (EVANs and 
Deruier, 1957). 

(he procedural approach to long-term drinking was essentially that of DETHIER 
and RHoapes (1954) in which caged flies were presented with a pair of pipettes from 
which they could drink. Except in choice experiments, both pipettes contained 
identical solutions. The volume drunk from the pair was measured at intervals of 
24 hr over a period of 20 days. Loss by evaporation was corrected for by measuring 
volume changes in control pipettes to which access by flies was prevented 

A major departure from the early basic technique consisted of the use of 
individual flies, each in its own container, instead of samples of twenty flies in a 
bottle. The container was a small cylindrical cage constructed of Nylon mesh and 
and measuring 5 cm in length and 2 cm in diameter. Two holes in the bottom 
permitted entry of the tips of two J-shaped 5 ml volumetric pipettes which also 
served to support the cage. The pipettes themselves were held vertically in a clamp 

Data for each concentration were collected from ten individual flies of both 
sexes on each of 20 successive days (3 days when water was used). Different 
flies were employed for each concentration. They were 24 hr old and fasting at the 
beginning of the test. The total number of readings was then averaged for each 
concentration 

Two variants of the choice experiments were undertaken. In one series, each 
concentration of ethanol was paired with water; in the other, selected concentrations 
of ethanol were paired with each other 

One major difficulty that attended the aforementioned experiments was the 
inability of flies to survive for long periods on some of the solutions tested. Flies 
will live as long as 60 days on 0-1 M ethanol but survive only 24 days on water 
In order to extend the period available for study, every one of the experiments 


mentioned above (in which water was always the control solution and ethanol 


in water, the test solution) was duplicated with sucrose added as a nutrient. Thus, 


a control solution would consist of 0-1 M sucrose while ethanol solutions would be 
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made up in a 0-1 M sucrose base. It was reasoned that, if the odour of ethanol 
contributed to feeding behaviour, its effect was not likely to be swamped by the 
addition of sucrose. ‘The parallel results obtained in both series of experiments 
verified the assumption. 

\fter these experiments were completed, however, it became clear that volume 
measurements alone were insufficient to provide an explanation of the possible role 
of odour in feeding. Accordingly, it was decided to record the number of visits that 
a fly ina choice situation made to each pipette. ‘To this end, use was made of the tech- 
nique of DeTuHter ef al. (1956) for recording visits automatically. In place of the 


amplifier employed in the earlier studies, a Brush Mark II Recorder was employed 


Finally, a subsidiary part of the study consisted of drawing on a sheet of paper 
two parallel lines of liquid, one of water and one of 0-1 M ethanol or one of 0-1 M 
sucrose and one of 0:1 M ethanol in 0-1 M sucrose. ‘These lines were drawn 


2 mm apart and a fly placed facing down the parallel tracks. Drinking behaviour 


was then observed. 


RESULTS 
Single drinks 
Measurements of crop weights following single drinks (or timing the duration 
of drinks) showed that both normal and anosmic flies reduced their intake of 
concentrated ethanol (Table 1). Concentrations of ethanol (in water) ranging 


TABLE 1 AMOUNTS OF VARIOUS CONCENTRATIONS OF ETHANOL INGESTED BY THE BLOWFLY 
AT A SINGLE FEEDING 


No. of Duration 


Compound 
animals (sec) 


Ethanol 10 
in H,O 10 


0-1 
0-01 
0-001 


H,O 


Ethanol 
in0O-1 M 
Sucrose 
0-1 
0-01 
0-001 


SUCcTOSE 0-1 
from 1 M to 2:5 M were taken in lesser quantity than water. Concentrations 
greater than 2-5 M were refused. When ethanol in a 0-1 M sucrose base was 
compared with 0-1 M sucrose, it was found that some 2:5 M and 5 M ethanol was 
taken but that the intake was less than of sugar alone (‘Table 1). 
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\t low concentrations of ethanol (1 M and below) the intake did not differ 
significantly from that of the control solution. Enhanced intake was expected but 
did not occur. Furthermore, a fly that had drunk to repletion on water or sucrose 
could not be induced to drink further when presented with a solution containing 


ethanol. 


Daily consumption 

The volume of ethanol consumed in a single day depended on the concentration 
offered. In the case of ethanol in water, both normal and anosmic flies took more 
ethanol in the range 10-* M to 1 M than of water alone. At higher concentrations 
they took less ethanol than water. In the case of ethanol in sucrose, the flies took 
more of the ethanol solutions in the range 10-* M to 2:5 M than they took of 


sucrose alone. In all cases (i.e. with or without a sucrose base) higher concentrations 


of ethanol depressed the fluid intake as compared with that of the control solutions 


Choice situations 
In the two-choice experiments involving normal flies there was no significant 


difference between the volume of water and of ethanol ingested when the ethanol 


I 
period o 
ethanol drunk by 


drunk b inosmi« 


was weaker than 10-* M (Fig. 1). At 10-* M more ethanol than water was taken 
As the concentration was increased, the volume of both ethanol and water ingested 
decreased, but the ethanol intake consistently exceeded that of water. At concen- 
trations above 5 M the consumption of ethanol was less than that of water. ‘The 
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total fluid intake was greatest when 10-* M ethanol and water were the solutions 
offered. As the ethanol concentration was increased, the total fluid intake declined. 


Similar relationships and trends were observed when solutions with a sucrose 


base were employed (Fig. 2). 


Molar ncentrat 


ige volume of ethanol solution in 0-1 M sucrose drunk per fly per 24 hr 

pe riod of te sting 1m a situation whe re both ethanol in Sugar and ugar alone 

+ @, ethanol drunk by normal flix sucrose drunk by normal 
@, ethanol drunk by anosmic flic rose drunk by anosmic flies 


When the olfactory receptors were removed, there was no change in the daily 
intake of water and of ethanol above 5 M nor of sucrose and ethanol in sucrose 
concentrations above 2-5 M. In the lower concentration range in both cases, 
however, the intake of ethanol was consistently depressed. Thus, under these 
conditions of testing, ethanol was preferred to water (and ethanol plus sucrose to 
sucrose) in one concentration range and rejected in another. 

When two different concentrations in the acceptable range were presented to 
the fly, no consistent difference in intake occurred; however, the volume taken 
always exceeded that of water (or sucrose) alone. When any two unacceptable 
concentrations were paired and no other food or water was available, the lesser 


concentration was always taken in greater volume. 


Number of visits 

Since it was not feasible to make recordings of the number of visits at all 
concentrations, 0-1 M and 5 M ethanol were selected as the ones where the 
difference between the volumes of water and of ethanol ingested were the greatest 
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The normal fly presented with a choice of water or 0-1 M ethanol made 128 
visits (at which it drank) to the ethanol and 94 to the water. The anosmic fly 
behaved similarly. Normal flies presented with water and 5 M ethanol made no 
visits to the ethanol. Anosmic flies made equal numbers of visits to both pipettes 
but failed to drink the ethanol 


DISCUSSION 

Some insight into the factors that control ingestion may be obtained fron 
comparisons of the volumes of different kinds and concentrations of solutions 
ingested. The relative as well as the absolute values vary, however, depending on 
whether consumption was measured at a single feeding or on an hourly, daily, 
weekly, or lifetime basis, and whether the solutions were presented singly (and if 
so, in what succession and at what intervals) or in pairs or multiple combinations 
When all of these parameters are examined, one hopefully may separate sensory 
nutritional, post-ingestion, and other factors 

he number of factors that might theoretically influence the ingestion of 
ethanol are great because it stimulates both olfactory and contact chemoreceptors, 
is an energy source, and acts as a general stimulant and depressant. The problen 
of separating these effects is considerable 

Insofar as ingestion is concerned, all studies reveal that ethanol is accepted in 
certain concentration ranges and rejected in others. ‘The reasons for rejection seem 
fairly clear. Observations that flies in an olfactometer were repelled by a concentra- 
tion of 2-4 10-* M ethanol vapour (Detuier and Yost, 1952), that normal flies 
made fewer visits to one pipette in a pair when it contained a concentrated ethanol 
solution, and that normal flies avoided a pipette with concentrated ethanol while 
anosmic flies did not, all agree in showing that high vapour concentrations are 
repellent (i.e. flies turn away from the source). ‘The action results from stimulation 
of the olfactory receptors. ‘Thus it may be concluded that the odour of high 


concentrations of ethanol may prevent a fly from ever coming to the point of 


ingestion. 

If a fly is not prevented by odour from coming to a solution and sampling it, 
the taste of the solution may prevent or limit ingestion. Measurements showing 
that even anosmic flies ingest only a small quantity of concentrated solutions 
indicate that rejection of a solution may be mediated by contact chemoreceptors in 
the legs and mouthparts. ‘The concentration at which ethanol is rejected in thes« 
experiments (1-5-2-5 M) is in the same range as the tarsal rejection thresholds 
(1-3-2-4 M) reported by Detroiter and Cuapwick (1947) and Dernier (1955) 
That there is any ingestion of these solutions at all may be attributed to a need 
for water and food. When two unacceptable concentrations are presented 
simultaneously, the lesser is always taken in preference to the greater 

}ehaviour with respect to concentrations in the acceptable range is somewhat 
more obscure. During a 24 hr period or a period of days or of weeks (‘Table 2), 
a normal fly ingests more of an ethanol solution than of water or more of a mixture 


of ethanol and sucrose than of sucrose alone. This is true whether the solutions are 
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presented simultaneously or separately. When the solutions are paired, the fly 


makes more visits to the pipette containing ethanol. Clearly then, the fly orients 


to the ethanol pipette by odour. The behaviour of a walking fly confronted with 
parallel lines of solution, one of which contains ethanol, confirms this. The fly 
tends to turn more often, if not exclusively, to the ethanol solution 


[AB ) OTA MOUNT nl FY ol SOLI ) GESTED ad libitun 


iwh DeTuieR and Yost (1952) did not demonstrate attractance by ethanol 
netric experiments, it is not unlikely that ethanol is indeed a weak 
nt. Wretrinc and Hoskins (1939) demonstrated that it is a weak attractant 
for house flies, and it has long been known to be a fairly strong attractant for 
Drosophila (Reep, 1938) 
lhe normal blowfly not only visits a pipette with ethanol more often than on 
without when the two are paired, it also drinks more often even when an ethanol 
solution is the only one availablk lhe simplest explanation is that the odour of 
ethanol stimulates feeding Che failure of anosmic flies to consume as much 
ethanol as normals in a choice situation is in agreement with this idea. It is 
certainly true that under certain circumstances the odour of ethanol may caus¢ 
probos¢ is extension, but this in itself does not necessarily caus¢ ingestion 
lwo series of experiments are, however, at variance with the foregoing interpre 
tation. First, it is only in choice situations that anosmic flies fail to consume more 
ethanol than control solution. Second, a normal fly does not drink more ethanol 
than water at a single drink. Nor, having drunk water to re pletion, does it then 
drink ethanol. Similarly, a fly will not imbibe at one drink more of a mixture of 
ethanol and sucrose than of sucrose alone 
\n alternative explanation is that there are some post-ingestion factors such 
that drinking ethanol speeds up the intervals between drinks. If this is true, 
anosmic flies should behave like normal flies when ethanol is the only solution 
available; that is, they should take more of the ethanol than they would of a control 
solution over a prolonged period. Measurements over a period of 20 days 


show that they actually do. Their failure to behave like normal flies in a two-choice 





situation may be explained by supposing that they take less ethanol than normal 


flies because of their inability to orient preferentially to ethanol. Since they take 


le 3s, the post-ing¢ stion effect of ethanol is less and they drink 


for anosmic flies the total fluid intake is greatest when ethan 


available and least when no « thanol is available 


Although at all concentrations in the accey 


taken. the total fluid intake decreases as the ethanol concentration 


Che same is true of sucrose base solutions. ‘The fall cannot be attributed to sensory 
| ingested is still in excess of water. Mor 


f ethano 


rejection becaus« the volum« 


over, the effect is not 1. when measurem 


its are based on single drinks. Nor 


Even though the flv 
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may cause proboscis extension, the present studies produced no evidence that odour 
initiates or drives feeding. ‘There is no evidence that acceptable ethanol solutions 
stimulate contact chemoreceptors although concentrated solutions are rejected 
(even by anosmic flies) through the mediation of the contact chemoreceptors 
The augmented ingestion of acceptable ethanol solutions (as compared to solutions 
without ethanol) appears to be the result of post-ingestion effects that cause a 
fly to imbibe more often than usual. Superimposed on this effect is a gradual 
diminution of total fluid intake with increased ethanol concentration. ‘This ts 
believed to result from some depressant or intoxicating effect of ethanol 
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ENZYMATIC PATHWAYS IN THE FORMATION OI 
SORBITOL AND GLYCEROL IN THE DIAPAUSING EGG OF 
THE SILKWORM, BOMBYX MORI—II 
ON THE PHOSPHATASES* 
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INTRODUCTION 
IT HAS been shown in previous papers (CHINO, 1957, 1958) that glycogen originally 
present in the silkworm egg is rapidly converted into sorbitol and glycerol with 
the onset of diapause, and that glycogen is resynthesized from these polyols when 
diapause breaks. It has further been reported (CHINO, 1960) that the polyol 


dehydrogenases responsible for the formation of sorbitol and glycerol can be 


detected in the silkworm egg, and that the reactions involved are expressed as 


follows 
(1) glucose ' TPNH? sorbitol ; CPN 
(2) G-6-P + TPNH = S-6-P + TPN 
(3) glyceraldehyde + TPNH = glycerol + TPN 
(4) DHA-P+DPNH -GP+ DPN 


k has been carried ou 


ol g abre itor ‘ t 
DPNH reduced form of DPN: ‘TPN riph« 
of TPN; G-6-P = glucose-6-phosphate ; DHA-P 
6-phosphat« GP givcerol pl ’ te GP 
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If we assume that sorbitol and glycerol are actually formed through the reactions 


(2) and (4) respectively, the silkworm egg must contain some phosphatases which 


split S-6-P and a-GP, and give the free polypols, sorbitol and glycerol, together 
with inorganic phosphate. 

Che present study was undertaken to ascertain the presence of such phospha- 
tase(s) in the silkworm egg. Several experiments concerning the properties of 


the phosphatase(s) were also carried out 


MATERIALS AND METHODS 

Materials 

Eggs from the cross between Chinese and Japanese bivoltine races were used. 
The methods for obtaining the so-called ‘diapause’ and ‘non-diapause’ eggs have 
been described by CHINO (1957) 
Preparation of enzyme solution 

Eggs were ground with 7-5—-10 volumes of distilled water at O°C in a glass 
homogenizer. ‘The homogenate was centrifuged at 10,000 ¢ for 10 min at 0°C 
The supernatant was filtered through Whatman No. 1 paper, and the filtrate was 


used as the enzyme solution 


Chemicals 

G-6-P was purchased from Nutritional Biochemicals Co., Cleveland, Ohio, 
Missouri; a-GP and 8-GP from Fluka Co., Switzerland. S-6-P was prepared by 
reduction of the sodium salt of G-6-P with a sodium borohydride solution by the 


method of ABDEL-AKHER et al. (1951) 


Determination of enzyme activity 

‘he standard reaction mixture contained the following in a final volume of 
3}ml: buffers (50 mM), that is, pH 4-0-5-4 acetate buffer, pH 5-4-8-6 tris- 
hydroxymethylaminomethane (Tris) buffer, pH 8-6-10-4 glycine buffer; MgCl, 
(10 mM); substrates (20 mM); 0-5—1 ml of enzyme solution. Before adding sub- 
strates to the reaction mixture, the pHs of the substrates were previously adjusted 
to the same pH as that of the reaction mixture. The reaction mixture was incubated 
at 37°C for a desired period (in most cases, 60-90 min). At the end of the incuba- 
tion, the reaction was stopped by the addition of 1 ml of 30°,, trichloroacetic acid 
After centrifuging the mixture, the liberated inorganic phosphate in an aliquot 
of the supernatant was determined by the method of LOHMANN and JENDRASSIK 
(1926), using a Leitz electric photometer. To the reaction mixture for control 
experiments, the substrate was added after the addition of trichloroacetic acid 

Protein was determined by the method of Lowry eft al. (1951) 


RESULTS 
Phosphatase(s) splitting «-GP and S-6-P 
he effect of pH on the phosphatase activities for the two substrates, a-GP 
and S-6-P, is shown in Fig. 1. The figure indicates that the pH optima for the 
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two substrates are both at 6-7. Fig. 2 shows the relationship between hydro- 
lytic rates of the phosphatase for the two substrates and incubation period. It 


is obvious from these figures that the phosphatase, capable of splitting a-GP and 
S-6-P, occurs in the silkworm egg. 


diapausing evy 
expre ed as the amount ol 
Vhe upper point on the curve 


r. At pH 8 


ine buffer 


Next, an experiment was carried out to determine whether hydrolysis of both 
x-GP and S-6-P is catalysed by one and the same enzyme or whether two separate 
enzymes are involved. To this end, the hydrolytic rates of a-GP and 5S-6-P 
separately and in a mixture were compared If two enzymes are present, 
the hydrolytic rate of the mixture should approach the sum of the rates obtained 
when the substrate was added separately. As shown in Table 1, however, the rate 
of hydrolysis of the mixture did not amount to the sum of the individual rates of 


the two substrates, but was approximately equal to the rate obtained when only 
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.-GP was added. The fact seems to indicate that a-GP and S-6-P are hy drolysed 
by a single enzyme. This enzyme will tentatively be called as polyol ‘phosphatase’. 


ae 


ri \ <a 


yf a-GP and S-6-P with incubation 


of hydrolytic rates « 
7. For other explanations 


relation 
incubated at 37°C at pH 6:7 


| 
iinea;r 
ird reaction mixture was 


Furthermore, when 8-GP was used as substrate instead of a-GP, the optimum 
Thus, the phosphatase splitting 8-GP is regarded 


pH was found to be 4-9 (Fig. 3). ) 
It seemed to be desirable, therefore, to find out the relation- 


as ‘ acid phosphatase’ 
ship between the polyol phosphatase and the acid phosphatase. For this purpose, 


RATE OF a-GP AND S-6-P WHEN PRESENT SEPARATELY 


‘THE HYDROLYTI 
OR IN MIXTURE 


‘TABLE 1 
The enzyme was obtained 


Ihe standard reaction mixtures (pH 6-7) were incubated at 37 ¢ 
from the diapausing egg at 60-65 days after oviposition 


Hydrolytic rate 


Substrate 
(uM P/hr/mg protein) 


(20 mM) 


x-GP 0-260 
S-6-P 0-134 
v-GP + S-6-P 0-270 


the hydrolytic rates of a-GP and 8-GP separately and in a mixture were com- 
If polyol phosphatase is identical with acid 


pared at pH 5-5 using Tris buffer. 
phosphatase, the hydrolytic rate in the mixture should be equal to the rate obtained 
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when 8-GP alone was added, because the hydrolytic rate of 8-GP was found to be 


much higher than that of a-GP at pH 5-5 (see Figs. 1 and 3). From the data 


tect of pH on the 


presented in ‘Table 2, it is clear that the polyol phosphatase is nothing but the 
so-called acid phosphatase. It seems that the optimum pH of the acid phosphatase 


tends to shift to nearly neutral, if, instead of 8B-GP, a-GP or S-6-P is used as the 


substrate. 





1lkaline pho phatase 


All the results described hitherto were obtained with the enzyme prepared 


from the diapausing eggs. The influence of pH on the hydrolytic rate of B-GP 


x-GP and 5-GP SEPARATELY OR IN MIXTURE 


Other explanations are the same as those 
n ‘Table 1 


se 


was also examined using enzymes obtained from the developing eggs at various 
It was found that the so-called ‘alkaline phosphatase’ suddenly appeared 

ys before hatching, and that at no embryonic period before this time could it 
ected. The curves in Fig. 4 represent the results obtained with the enzyme 

ggs just before hatching. ‘This figure shows that the optimum pH of the 

pl osphatas« for B-GP is 9-6. It is also to be noted that when a-GP is 

is substrate an alkaline optimum is no longer observed, except that a shoulder 


at a pH from 8-6 to 9-; 


Embryonic development and the changes in phosphatase activities for «-GP and 


f the phosphatase was examined at various embry 
‘diapause’ and ‘non-diapause’ eggs. In all experiments, a-GP and 


d as the substrate S. the pH of the reaction mixture being adjusted 


Lhe re sults aré pre sents d in lable s 3 and 4 It is seen from the se tables 
phosphatase splitting a-GP and S-6-P is present at all embryonic stages 


in the diapausing ev? but also in the developing egg 
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Furthermore, it was found somewhat unexpectedly that the increase in enzyme 
activities with development differs considerably according to the substrates used, 


namely, a-GP and S-6-P. As shown in Table 3, in the case of the ‘non-diapause’ 


egg, the ratio of the hydrolytic rate for >to that for S 
onic stage 1s about 3:1: whereas it lang ibout | 
l'able 4 also indicates that a similar relation exists in th 
yy lables 3 and 4 furthers 1OW at the hvdrolvti 
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practically change during early development including the diapause period; 
whereas that of S-6-P increases steadily during the same period, even in the 


diapausing period 


[HE CHANGES IN PHOSPHATASE ACTIVITIES FOR a-GP AND S-6-P WITH 
EMBRYONIC STAGES IN THE ‘DIAPAUSE’ EGG 


Other explanations are the same as those given in Table 3 


Enzyme activity 


stage of egg 
P S.6-P 


after oviposition (prediapaus¢ stage) 6-04 

lays after OvIposition (early diapause Stage, glycogen 6-00 
rapidly decreasing phase) 

10 days after oviposition (early diapause stage, glycogen 6-10 
slowly decreasing phase) 


60 days after oviposition (deep diapause stage, glycogen 7 9-40 


minimum phase) 
120 days after oviposition (deep diapause, glycogen 14-0 


minimum phase) 
270 davs after ov iposition* 


1 day after initiation of embryonic development at 25°¢ 
in post-diapause 
4} days after initiation of post diapause development at 


) 


5°C (blastokinesis stage) 
10 days after initiation of post diapause development at 
25 C (just before hatching) 


Ihe eggs had been stored at room temperature for about 170 days after oviposition 


late June to late December), and then kept at 5°C for about 100 days till the time 
gs were used as materials, so that the diapause of the eggs at this time ha 
but embryonic deve lopme nt has not be gun If the egws at th time ire 


it 25°C, the development would start immediatel 


DISCUSSION 


rom the results described above, it is evident that the silkworm egg contains 
a phosphatase which is capable of splitting a-GP and S-6-P. This phosphatase 
occurs also in the egg at a stage when the formation of sorbitol and glycerol from 
glycogen is taking place. ‘Therefore, it is likely that sorbitol and glycerol are in 
part formed through the following two step reactions 

(1) G-6-P+ TPNH S-6-P + TPN* 

(1°) S-6-P 4 H,O » sorbitol 4 H,PO, 

(2) DHA-P+DPNH v-GP+ DPN 

(2°) a-GP 4 H,O - glycerol 4 H,PO, 
It has been reported in the preceding paper (CHINO, 1960) that the polyol dehydro- 
genases catalysing reactions (1) and (2) respectively are detected in the silkworm 
egy 

[he results of the present study have further revealed that a-GP and S-6-P 


seem to be hydrolysed by one and the same enzyme which seems to be an 
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acid phosphatase. When §-GP is used as the substrate, the enzyme comes to 
show a pH optimum of 4-9, whereas the pH optimum shifts to 6°7 when a-GP or 
S-6-P is used as the substrate. A similar finding has been described in LUNDQUIST’s 
report (1947), in which he observed a shift of optimum pH of acid phosphatase to a 
neutral side depending on substrates used. ‘That is, he found that the pH optimum 
of the acid phosphatase prepared from mammalian prostate was 6-0 for 8-GP 
and phenyl phosphate, whereas it changed to 6-3 for phosphoryl choline. 

In spite of the finding that a-GP and S-6-P seem to be hydrolysed by the same 
enzyme, the increase in enzyme activity for a-GP with embryonic development 
differs considerably from that for S-6-P. It has generally been believed that a 
change in enzyme activity with development is due to change in the enzyme 
content of tissue cells. If this view is correct, each of the hydrolytic activities for 
x-GP and S-6-P should fluctuate in parallel with development. However, such 


og 
CEE 


was not the cas« The fact observed on the phosphatase of the silkworm 
suggests the possibility that not only the enzyme content itself but also its properties 
may change with embryonic development. And the change may be that of the 
affinity of the phosphatase for a-GP and 5-6-P, which would take place in the 
course of the embryonic development. However, doubt still exists as to whether 
x-GP and S-6-P are hydrolysed solely by one and the same enzyme. In order to 
exclude completely the possibility that two separate enzymes might be involved 
in the hydrolysis of a-GP and S-6-P, further study with more purified enzyme 
is evidently necessary 

As was already described, the alkaline phosphatase first appears 14 days before 
hatching, and at no stage before this time, including the diapause period, can this 
enzyme be detected It is probable that the alkaline phosphatas« appears in 


alimentary canal of the embryo concurrently with the initiation of the physio 


logical function of the canal, for a high activity in alkaline phosphatase was detected 


in the alimentary canal of the silkworm larvae (Horte, 1958) and of other insects 
(DRILHON and Busnet, 1945) 


SUMMARY 

(1) Phosphatase capable of splitting both a-glycerol phosphate and sorbitol-6- 
phosphate occurred not only in the diapausing silkworm egg but also in the 
developing egg throughout the embryonic period Accordingly, it was assumed that 
sorbitol and glycerol are in part formed in the diapausing egg through «a-glycerol 
phosphate and sorbitol-6-phosphate, respectively 

(2) a-Glycerol phosphate and sorbitol-6-phosphate seemed to be hydrolysed 
by one and the same enzyme which is a so-called acid phosphatase. When 
j-glycerol phosphate was used as substrate, the enzyme showed a pH optimun 
of 49; whereas, the pH optimum shifted to 6-7 when a-glycerol phosphate 
or sorbitol-6-phosphate was used as its substrate 

(3) Although a-glycerol phosphate and sorbitol-6-phosphat seemed 


hydrolysed by a single phosphatas _ the increasing rate of hydrolytic activity with 
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embryonic development was greater when the latter was used as substrate than 


when the former was its substrate. 
(4) In the silkworm egg the alkaline phosphatase, of which optimum pH for 


8-glycerol phosphate is 9-6, first appeared 14 days before hatching. At no embry- 
onic stages before this time, including the diapause period, can the alkaline 


phosphatase be detected. 
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SOME FEATURES OF THE RESPIRATORY SYSTEM OF 
HYDROCYRIUS COLUMBIAE SPIN. 
(BELOSTOMATIDAE, HEMIPTERA) 


P. L. MILLER 
Makerere College, Kampala, Uganda 


(Received 14 February 1961) 


Abstract—The fine structure of the sieve-plates covering the spiracles of Hydrocyrius 
columbiae has been shown to consist of stout trabeculae bearing a system of minutel) 
branching struts which ultimately form the boundaries of pores about 0-5 * in area in 
piracles 1, 2, and 4-10, and about 3 »* in spiracle 3. Measurements of the airflow 
through the spiracles under different pressures show it to be about a hundred times 
faster through spiracle 3 than through any other. Spiracle 3, facing posteriorly into 
the sub-hemelytral airstore, communicates with the principal tracheae to the flight 
muscles. While the intact bug can withstand pressures of at least 220 cm Hg without 
ill effect, after exposure of the spiracles by removing overlying cuticular structures 
the sieve-plates permit water to enter the tracheae under about 150cm Hg. The 
sieve-plates do not make any appreciable reduction in the rate of water loss when the 
bug is in air. A ventral hair-pile, consisting of small hooked hairs and long hairs 
terminating in flattened blades, functions mainly to allow the ventrally-placed 
abdominal spiracles to communicate with the sub-hemelytral airstore via three bridges 
All but the first pair of spiracles are in contact with the airstore which communicates 
with the atmosphere through a pair of retractile siphons. The siphons are able to curve 
dorsally by means of muscles and are able to pierce the meniscus when the bug rests 
horizontally at the surface. Comparisons are made with some other Belostomatidae 
and with the larva in which a ventrally-placed airstore communicates with all the 
functional spiracles. Spiracle 3 of the larva does not differ in structure from the other 


spirac les 


INTRODUCTION 


‘THE oxygen consumption of an insect 1s very much greater in flight than when it 
is at rest. For example, in the desert locust, Schistocerca gregaria, the resting rate of 
oxygen consumption is 0-63 1/kg/hr, whereas in flight it rises to 15 1/kg/hr (KroGH 
and Wets-Focu, 1951). The increase in the rate of gas exchange is allowed for 
by modifications in the behaviour of the second and third pairs of spiracles which 
are situated on the pterothorax: during flight they remain more or less wide open 
(MILLER, 1960). 

Among the aquatic Hemiptera are several species belonging to different 
families whose spiracles are covered by membranes or sieve-plates. In Nepa this 
plate has variously been described as having a single opening (MAMMEN, 1912), 
as being porous (BRocHER, 1916), as having no detectable opening (HAMILTON, 
1931), and again as being finely porous (Porsson, 1951). Whichever the case, it 


seems inevitable that the sieve-plate must considerably reduce the airflow through 
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the spiracle it covers. Many of these insects are known to be active if intermittent 
flyers, so that the presence of a sieve-plate over the pterothoracic spiracles and the 
large demands for oxygen during flight would appear to be incompatible 

Che Giant African Water Bug, Hydrocyrius columbiae Spin., was selected for 
study since it is known to be an active flyer and to have sieve-plates covering the 
spiracles. In addition it affords an excellent example for part of a more general 
survey which is being made of the problems of respiration in large insects. In 


this paper the structure and properties of the spiracles and particularly of the 


sieve-plates will be described. The permeability to air of the sieve-plate of spiracle 
3 will be shown to be very much greater than that of other spiracles, apparently as 
an adaptation for flight. All the sieve-plates prevent water from entering the 
tracheal system even under considerable pressure: they do not, however, reduce the 
water loss when the bug is in air, although this has been suggested as a function 
for similar structures in some terrestrial insects. 

In a later paper the tracheal system, methods of ventilation, and respiratory 
behaviour will be described. It is in the tracheal system that adaptations apparently 
related to increase in size are most clearly seen. Considering their large size, there 
is little published work on. the Belostomatidae, and the family normally receives 
scant treatment in more general accounts of the aquatic Heteroptera. A number 
of papers deals with the taxonomy and biology (HUNGERFORD, 1925; CUMMINGs, 
1933; RANKIN, 1935; MeNKE, 1960), and brief mention is made of their respiratory 
system by WESENBERG-LUND (1943) and ‘THORPE (1951). Many more references 
of a general nature can be found in WESENBERG-LUND. 


MATERIAL 

Adults and larvae of Hydrocyrius columbiae Spin. (Belostomatidae, Heteroptera) 
were captured in disused sandpits and brickpits near Kampala, Uganda. In 
addition, adults were caught at light traps during the two wet seasons (March—May 
and October-November). They were kept separately in small aquaria, provided 
with a wooden vertical support, and fed once or twice a week on small frogs, 
fish, or insects. Adults have lived for at least a year in captivity, and larvae have 
been bred through from the first instar to the adult. Under these conditions the 
duration and size of each instar are given in Table 1. The total time taken for 
development is probably a little less than 1 year. 

With superficial water blotted off, mature insects weigh from 10-5 to 13-0g 
and are 65-73 mm long (measured with the prothorax in line with the pterothorax 
and excluding the siphons). The species is reported by Poisson (1951) to reach 
SU mm 


[In addition comparisons have been made with several other Belostomatidas 
Lethocerus cordofanus Mayr (weight 5-0-7-0 g: length 60-70 mm); 
Limnogeton fieberi Mayr (weight 3-0-4-0 g; length 55-60 mm); 

Sphaerodema sp. (weight 0-2—0-25 g; length 18-20 mm); 


and further comparisons with some Nepidae: Laccotrephes sp., Borborophilus 
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primitiva Mont., and Ranatra sp., all of which have spiracles covered by sieve- 
plates and are probably capable of flight. These insects were kept separately in 
small aquaria and fed as described for Hydrocyrius 


l'aBLe 1—Hydrocyrius columiiae. ‘THE SIZE AND DURATION OF EACH INSTAR 


he values are taken from twenty-seven larvae and thirty adults. Not all the 
larvae passed through all instars in the laboratory 


Instar Length Average duration 
(mm) (days) 


VI (adult) 5-73 More than a year 


Limnogeton differs from the others in its choice of food. The Nepidae and 
most Belostomatidae sieze and devour any moving prey which is of appropriat« 
size. Limnogeton, however, feeds exclusively on small gastropods. In captivity 
it was fed on Pila sp., Biomphalaria sp., and Limnaea sp.: the shell is held in the 
fore-legs with the opening upwards and is used like a cup from which the dissolved 


tissues are sucked through the proboscis. 


MORPHOLOGY AND FINE STRUCTURE OF THE SPIRACLES 


The spiracles were studied as whole mounts and in section. In most cases th 


whole mounts were unstained and studied by means of phase contrast microscopy. 
Sections were cut using a variety of techniques: none was entirely successful in 
cutting the sieve-plate but the best results were obtained after embedding ir 
agar and ester wax (WIGGLESWORTH, 1959) 


Spiracle | 

This spiracle is situated ventrally on the soft intersegmental membrane betwee 
the pro- and mesothorax. It lies underneath a projection of the prothorax 
normally remains hidden from view. The peritreme is represented only by a small 
bar fixed to the mesosternum. 

Che sieve-plate comprises two smooth white domes completely enclosing the 
atrium (Fig. 1 A). Together they are about 3 mm long, and each is 1-5 mm at the 
widest point The domes are s« parate d by a soft membrane and at the posterior 
end of this is the ecdysial scar, through which the tracheae of the last larval instar 
pass during the final moult 

Five large tracheae lead off from the shallow atrium. ‘The inner wall of the 
atrium is convex and protrudes slightly up into the domes of the sieve-plate 
(Fig. 1 E). Small bristles, each about 40 » long and with a density of 3-9 x 10° per 


cm*, cover the inside of the atrium and the larger tracheae. Similar bristles ar: 
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found in the atria and associated tracheae of all the spiracles, and this holds true 
for the other Belostomatidae examined except for Lethocerus in which they are 
absent. Microtrichia lining the tracheae of other insects have been known for a 


points of attachment 


of smallest branches 
pinnules 


fan branches 


sieve-plate 


smallest branches trabecula 


atrium floor 


membrane 


Hy adrocvrius columbniae 1 \ surface view rf the i¢ e-plate RB, part ot 
howing the reticulum d by the trabeculae ( ection through the 
howing small branches ari : on the trabeculae and supporting the membrane 
of the membrane from the inside with interlocking fan-branches and 


rough spiracle 1. p, peritreme; h, haemolympt 


long time (DujarpINn, 1849), and have been recorded in Zaitha fluminea (Belosto- 
matidae) by Strokes (1893). They have been studied more recently by RICHARDS 
and Korpa (1950). 


The atrial wall is supported by large taenidia, each 3—5 yx wide and separated 
from each other by 4-12 . Between the taenidia of the atrium and of the larger 
tracheae run smaller thickenings, which often form a reticulum between adjacent 
taenidia. Intertaenidial patterns have been described in other insects from electron 
micrographs of the tracheae (RICHARDs, 1951), but in the Belostomatidae they are 
visible with the light microscope (Fig. 2 E). 
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The sieve-plate comprises a mesh of strong trabeculae from which a thin 
membrane is suspended on the inside. The exterior and sides of the trabeculae 


are covered in very small hairs, estimated to be 2-0—5-0 u long and at a density of 


2x 108 per cm*® (Fig. 1 C). They are similar in size to the plastron hairs of 


1 phelocheirus (THorre and Crisp, 1947) although they are not hooked at the tip. 
They make the outside of the sieve-plate extremely unwettable but it is unlikely 
that they can offer much resistance to water under pressure. ‘The plate becomes 
more wettable after death s here may be a continuous secretion of a greas« 
while the bug is alive. Normally, however, the sieve-plate rarely comes into 
contact with water since the overlying part of the prothorax protects it 

lhe trabeculae are hollow and their lumina are in contact with the haemocoel 
when the sieve-plate is cut, blood wells out from the proximal but not from th 
distal ends of the trabeculae Che blood blackens and clots and can effectively 
seal a small hole. Larger rents, however, remain unrepaired. The blood apparently 
keeps the plate fairly soft and pliable and when removed from the insect the plat 
dries and becomes hard and brittk 

Small struts (2 « in diameter) run inwards and support the membrane 5-8 , 
from the trabeculas \s each strut reaches the membrane it fans out into eignt or 
ten branches which run for a short distance along the membrane parallel to the 
trabeculae (Fig. 1 D). The strut itself may bend over and run along the membran« 
before breaking into small branches. Each fan of small branches interlocks with 
its neighbour. and some of the branches anastomose. When viewed from above 


a star-like pattern can be seen (Fig. 2), each star-centre indicating 


4 


the positior 
a strut running between the trabeculae and the membrane. ‘The star- or fan-ce 
are separated by 12-16 p 

Each fan branch itself bears much smaller twigs or pinnules and these inter! 
with the pinnules on the adjacent branch, most remaining free but some ana 
mosing (Fig. 1 D). The pinnules are approximately 0-75—1-25 « long and 0-5 yu apart 

Airflow measurements (to be described) show that the 1eve plate is freely 
permeable to air. It is normally white and opaque, but when placed in chloroform 
or alcohol it becomes immediately transparent, and this happens as fast whether 
the outside or inside of the plate is treated. Oil or alcohol can penetrate throug! 
the plate of an intact spiracle and enter the atrium. Careful examinatior 
revealed no holes other than the spaces between the pinnul s, so that thes appear 
to be the pores through which air passes Each pore has an area of 0-:25—0-5 
and there are estimated to be altogether 4 = 10° pores in the sieve -plate, giving a 
total pore area of 1-2 mm® in a sieve-plate whose surface area is approximately 
4-6 mm* 

\ further system of very small ramifying branches exists between the trabeculae 
and the membrane (Fig. 1 C). They arise on the trabeculae or on the struts, brancl 
considerably, and then end attached to the fan branches. ‘They are normally hard 
to detect but can be seen best in sections, and in surface viev cir junctions with 
the fan branches appear as dark spots (Fig. 1 D) 
support to the fan branches 
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lhe fine structure of spiracle 1 of all the Belostomatidae and Nepidae examined 
has been found to be almost identical with that of Hydrocyrius. In Laccotrephes, 


however, and probably in other Nepidae, the small ramifying branches between the 


trabeculae and the membrane are absent. Possibly these give greater strength to 
the membrane of the more active Belostomatidae which swim to greater depths. 

here are slight differences in the gross structure of the spiracles. In Lethocerus 
the trabeculae run parallel to each other, are more widely spaced, and do not form 
1 mesh as in Hydrocyrius. In Sphaerodema there is no distinct atrium and the 
spiracle forms an opening in the continuous trachea. 

[he fine structure of spiracle 1 (and of spiracles 2 and 4-10) bears some 
resemblance to the meshwork laver of the eggshell of Muscinae which has recently 
been shown by HINTON (1960a, b) to act as a plastron. In the chorion of the egg, 
struts arise perpendicularly from a middle layer and branch at their apices in a 
plane normal to their long axis. The rather similar structures in the bug spiracles 
are larger, but since there are no pinnules between the branches forming the 
plastron of the egg, the pore size in the bug’s sieve-plate is probably considerably 
smaller than in the egg plastron. Both structures ensure the continuity of an airfilm, 
but the sieve-plate does not act as a plastron. 


Spiracle 2 

lhe sub-hemelytral airstore is continued anteriorly along two incompletely 
separated channels on either side of the pterothorax (Fig. 3). The outer channel is 
closed along one side by the wings. A flap of cuticle along the lower edge of the 
channel which is bent under the fore-wing, and secondly a ‘button’ at the posterior 
end which fits into a ‘button-hole’ on the wing, like that of Nepa (HAMILTON, 1931), 
ensure that the wing fits tightly along the channel. In addition the hind edge of 
the fore-wing clips into a groove along the margin of the mesonotal scutellum. 
The outer channel leads to an organ of unknown function which probably has 
no connexion with the respiratory system. It comprises a soft, extensible, puckered 
membrane with a central disc of harder cuticle, to which a large sensory nerve runs. 
The organ is filled with blood and each expiratory movement causes its inflation 
and expansion, followed by retraction during inspiration. Expansion and retraction 
occur also when the wings are passively moved up and down and presumably take 
place during flight. The second part of the atrium of spiracle 2 (to be described) 
lies close to the organ but appears to have no connexion with it. 

\ similar extensible organ has been noticed in all the Belostomatidae and 
Nepidae examined. It occupies the same position as the ‘metathoracic spiracle’ 
described as such by HAMILTON (1931) in Nepa cinerea. Its structure suggests 
that it may have a depth detecting function: when the bug is under pressure the 
organ expands into the rigid air-filled channel, and might thereby give rise to 
signals which would cause the bug to surface. While ventilation may continue 
when the bug is only a few centimetres below the surface, it ceases when the bug 
descends further, so that it will not mask the possible sensory function of the 
organ at greater depths. Thus, while it may function like Hagemann’s organ in 
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Corixidae (PopHAM, 1960) and prevent the bug from getting too far from the 
surface, it is, nevertheless, absent in larvae which would also apparently require 
such an organ. 

The inner air channel, which runs to spiracle 2, is incompletely separated from 
the outer by a ridge of cuticle bearing bristles (Fig. 3). The spiracle lies close to 
the extensible organ, but is not visible from the outside. The posterior end of the 
channel opens into the sub-hemelytral airstore by a narrow slit close to spiracle 3. 


— trabecula 


Fic. 4. Hydrocyrius columbiae spiracle 2. A, surface view of the sieve plate 


B, detail of parts of two trabeculae showing processes projecting outwards 


In addition the channel communicates with the narrow airfilled gap between the 
posterior margin of the metacoxa and the anterior part of the sternum of the first 
abdominal segment, into which spiracle 4 opens. 

The atrium of spiracle 2 is covered by a sieve-plate 1-5 mm long, 0-5 mm at its 
widest point, and with an area of approximately 0-56 mm? (Fig. 4 A). The first 
part of the atrium gives off two tracheae and then opens into a second part with 
more rigid walls from which a further trachea arises. The ecdysial scar lies to 


one side of the sieve -plate. 


The fine structure of the sieve -plate is the same as in spiracle 1. There are 


about thirty princ ipal trabeculae with many smaller branches between. In addition 
to the very small bristles the trabeculae bear irregular processes which project 
outward (1 ig. 4 B). There are estimated to be about 5 > 10° pores. 
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In other Belostomatidae spiracle 2 is very similar in position and structure, 
although in Lethocerus it is relatively smaller—400 » long by 250 yp at the widest 
point. 

Sptracle 3 

This spiracle is morphologically the first abdominal, but it supplies tracheae 

principally to the pterothorax. It is situated under the wings and faces posteriorly 


into the sub-hemelytral airstore. The ecdysial scar lies immediately below the 
sieve-plate. A cushion of rucked cuticle immediately opposite on the abdomen 
sometimes presses against the sieve-plate. The spiracle lies between projecting 
shelves of cuticle which are wrinkled and contain the openings of many small 


glands, which may secrete a waterproofing grease (Fig. 5). 


j 


lhe sieve-plate covers a small bristle-lined atrium and is 2mm long and 


0-75 mm wide. Unlike the smooth sieve-plates of spiracles 1 and 2, it is much 
folded, at least eight major folds running across the plate so that the surface area 


is considerably increased. The folding is much less marked in other Belostomatidas 


Large hollow trabeculae surround the plate : they branch towards their tips ind 

unite with those from the opposite side. As in spiracle 2 the trabeculae are covered 

in very small bristles, and irregular projections are scattered on the outsid 
Smaller cross struts, running between the trabeculae, support a membrane which 


appears less white and opaque than that of spiracles 1 and 2, and has a different 
1 ts 


structure It comprises branches of different sizes; the smallest, which tend 


run parallel to one another, are 10 « long, about 0-5 yu in diameter and 2-3 ; 


Between them run extremely thin twigs, 1-2 « apart, resembling the rungs in a 
ladder (Fig. 6) hey enclose a pore whose area is 2 u*—considerably 
larger than the pores of spiracles 1 and 2. Experiments have shown that spiracle 3, 


while effectively resisting the entry of water, is more permeable to air, probably 


because of the larger size of the pores 
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Spiracles 4-10 
[hese spiracles can be described together as their structure is similar. Spiracle 


1 deep groove between the metacoxa and the anterior margin of the first 


4 lies 


sieve-plate 
lips 
sieve-plate 


se section through 


transverse section 





sieve plate 


B 


spiracle A, section through 


Fic. 8. Lethocerus cordofanus, the abdominal transverse 
spiracile 8. As in the other abdominal spiracles (except 9 and 10) there are two cuticular 
with one half of the sieve-plate. B, section through 
ts structure is like that o 


the ventral airfilm and 


‘ 
! 


invaginations each communicating 


9. ‘This spiracle is not covered by 


piracie 
of Hydrocyrius 


the ibdominal spirac les 
Spiracles 5~9 are exposed on the ventral part of the abdomen 


abdominal segment 
near the margin and are covered by an air-containing hair pile, and spiracle 10 
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lies at the base of the respiratory siphon facing outwards and ventrally. Each is 
about the same size—800—900 u long, and 400—500 u wide—and lies in a cuticular 


depression, that of spiracle 4 being much deeper than the others. The spirack 





ric. 9. Hydrocyriu 
xddomen showing the 
entral airfilm and the dors 
it position marked Bs 
egments 6 and 7 (at position n 


p4 piract¢ 4 vhp entral i 


is surrounded by a ring of hard dark cuticle and the sieve-plate is divided down 
the midline by a pair of thick cuticular lips (Fig. 7). The lips, which are arched 
outwards, fit closely together but are not fused. From each, trabeculae radiate to 
the perimeter and support a membrane consisting of fan branches and pinnules 
with the same structure as in spiracles 1 and 2. Thus each spiracle atrium is 


covered by a pair of lips which lie between two crescent-shaped sieve-plates. At 
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ecdysis the moulted tracheae of the previous instar are passed out between the 


lips. Spiracles 5-9 are unprotected by overlying cuticular structures so that when 


the bug descends further than 1 or 2 m below the surface, the ventral hair-pile is 
flattened and pressed against the sieve-plate which may be subject to considerable 
pressure. The arched lips, rigidly fixed at either end, and the stout surrounding 
cuticular ring provide a suitably strong structure for resisting pressure. All the 
abdominal spiracles in Lethocerus have the same structure as in Hydrocyrius, but 


they are much more deeply recessed and difficult to detect from the outside (Fig. 8). 


Airstores carried by the submerged bug 

1. The ventral hair-pile. Fig. 9 A shows the position of the ventral hair-pile 
on Hydrocyrius which covers part of the ventral surface of the abdomen including 
spiracles 5—9 and comprises hairs of three types 
(a) Short thick spines; these are not very abundant; 
(b) Small slender hairs with hooked tips; they are about 20 y» long, 

diameter at the base, and there are 1-2 x 10° per cm?; 

Long slender hairs with the distal part flattened into a blade (Fig. 10 A); they 

are 900-1100 » in length, 6—7 uw wide at the base, the blade widens to 40—50 yp, 

and there are 4-6 10" per cm*. An enclosed canal running through the 

shaft and the blade contains air which is not displaced in oil or alcohol unless 

the hair is broken. 

In life a layer of air is entrapped among the hairs and the blades bend over to 
lie along the air—water interface parallel to the surface of the abdomen (Fig. 10 B). 
This is the only airstore carried by the bug which is unprotected by overlying 
structures of some sort, and it might, therefore, be expected to be the most 
resistant to wetting under pressure. ‘The dependence of the bug on the surface 
for respiration probably means that it does not normally descend deeper than 
1-2 m. Nevertheless it can remain submerged for at least 30 min at 24°C, and, 
since it is a very strong swimmer, it may on occasion descend further. ‘The strong 
jerky swimming movements must themselves impose a considerable force on the 
airfilm. Under pressure the long hairs fold down on the abdomen but the airfilm 
is not displaced. ‘The arrangement is rather like that in Hydrophilidae (THORPE, 
1950) where, under pressure, macrotrichia press down on a layer of microtrichia, 
and the compression of the gas in the macro-plastron assists in preventing the 
interface from invading the smaller hair-pile. In Hydrocyrius the hooks of the 
short hairs and the blades of the long hairs point posteriorly, a factor which will 
probably smooth the flow of water over the hair-pile and lessen the possibility of 
the air being dislodged during strong swimming. ‘The hooked hairs are too irregular 
and too widely spaced to form an efficient plastron according to the calculations 
of ‘THORPE and Crisp (1957) and at a density of 1-2 x 10° per cm? they come at the 
lower end of group II in THorpe’s (1950) classification of the plastrons of water 
beetles. When under pressure the long hairs are folded against the abdomen and 
the airfilm is probably then maintained by the small hooked hairs which keep the 


long hairs and abdomen apart (Fig. 10 C). The airfilm was not displaced under the 
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maximum pressure used (220 cm Hg), and this compares favourably with pressures 
withstood by insects with denser and more regular plastrons: for example, the 


plastron of Haemonia with 4x 10° hairs per cm? withstands a pressure of only 


1-5—2-0 atm (THORPE and Crisp, 1949). 
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spiracie 
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| hooked hair 


[he wetting power of various solutions of pure isobutyl alcohol in distilled 
water at 24°C was tried. A small drop of solution was pipetted onto the ventral 
airfilm of a living and healthy bug and left for 30 sec; 10°, and lower concentrations 
had no effect, 12°, immediately wetted the airfilm and the silvery appearance 
disappeared, while 11°, wetted it rather slowly. The plastron of Aphelochetrus 
is wetted by 10-12%, butyl alcohol, while that of Haemonia and some other beetles 
is wetted by between 7 and 10°, so that the resistance to wetting of the ventral 
airfilm of Hydrocyrius compares favourably with that of the best plastrons (THORP 
and Crisp, 1947, 1949). 

Once the airfilm is lost, either as a result of such experiments, or after handling, 
it cannot be re-formed without complete drying. A blunt tibial spine on the hind 
legs is sometimes used to groom the airfilm, but if the film is lost these movements 
do not restore it. 

2. The sub-hemelytral airstore. The hind wings, ventral surface of the forewings, 
and the dorsal side of the abdomen are all hydrofuge and the area enclosed forms 
an airstore as in many other aquatic insects. Posteriorly from the fifth segment a 
fringe of long wettable hairs borders the abdomen (Fig. 11). A narrow naked strip 
of cuticle separates them from the hydrofuge hair-pile which covers most of the 
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dorsal surface. Anterior to the fifth segment the wings overlap the abdomen and 


the ventral hair-pile is continuous with the dorsal. This hair-pile comprises long 


and short hairs; the former are about 1 mm long and have no structural modifi- 
cations at the distal end, whereas the latter are hooked at the tip and are 60-70 pu 


siphon 
retractor 
muscie¢ 


wing margin 


air guiley 


Fic. 11. Hydrocyrius columbiae. Dorsal view of the posterior segments of the abdomen 
Parts of the terga of segments 6 and 7 are cut away to expose the retractor muscle of the siphon 


and its long apodeme 


long. The pile is interrupted 2 mm in from the margin by a slight depression 
in the cuticle which stretches from the base of the siphon to spiracle 3, and is lined 
with short hooked hairs only (Fig. 11). The depression in Lethocerus is considerably 
deeper. 

The dorsal and ventral surfaces of the abdomen are separated by less than 
1 mm near the margin, and between them run columns of cuticle which strengthen 
them and also keep them sufficiently apart to allow blood to circulate 


Air bridges between the ventral airfilm and the dorsal airstore 
Air in the ventral hair-pile is continuous with that in the dorsal airstore at 

three points (Fig. 9 A): 

1. Anteriorly round the margin of the third and fourth abdominal segments 
where the hydrofuge hairs continue uninterrupted from the ventral to the 
dorsal surface. This is the largest bridge and the only one present in Lethocerus. 
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Posteriorly between the sixth and seventh segments, through a cleft lined with 
small hydrofuge bristles (Fig. 9 C). ‘This is absent in Lethocerus and Limnogeton 
Posteriorly and ventrally in the seventh segment between the tergum and the 
sternum again through a bristle-lined cleft. ‘This leads into the cavity con- 
taining the siphons (Fig. 9 B). Absent in Lethocerus. 

All the bridges have been shown to conduct air between the ventral airfilm 
and the dorsal store. For example, after removal of the wings, the third bridge, 
with a small area of the ventral airfilm including spiracle 9, was isolated in a ring of 
petroleum jelly, and a similar ring was made on the dorsal surface above the bridge. 
The bug was submerged, and a bubble of air appearing in the dorsal ring during 


expiration was resorbed with inspiration. ‘The air bubble, expelled from and 


re-entering spiracle 9, appeared on the dorsal side because the long hairs, normally 
covered by the wings, stand erect and have no modifications comparable to the 
blades of the ventral hairs, and are therefore unable to entrap the air so effectively 
Similar tests have shown that the first and second bridges perform the same function 

To conclude, the main function of the ventral airfilm is to allow the ventrally 
placed abdominal spiracles to communicate with the dorsal airstore and hence 
with the atmospheric air, when the siphons pierce the water surface. In addition 
it will serve a subsidiary function as a physical gill although this is probably of 
small importance. When spiracles 2 and 3 are blocked with wax, ventilation at 
the water surface continues unchanged: under these conditions gaseous exchange 
is taking place only through the abdominal spiracles via the ventral airfilm and 
the bridges. In addition air may bubble out from spiracle 1 during expiration, but 
this spiracle alone has no connexion with the airstore and therefore can play no 
part in normal submerged ventilation. In the larva spiracle 1 is not functional 


The siphons 

The highly modified ninth segment forms a pair of respiratory siphons which are 
attached to the external genitalia and anus. Unlike the siphons of the Nepidae 
they do not join to form a tube but are flattened and lie side by side. ‘Torrt-BUENO 
(1906) describes those of Belostoma fluminea as being strap-like. In Hydrocyrius 
the siphons are 13 mm long and more or less densely hairy (Fig. 12 C). The 
last 1-2 mm of the dorsal surface is bare and the rest is covered in small 
hooked hairs (50-100 » long and 4x 10° per cm*) and much longer hairs 
(1-2 mm). Long hairs line the outer margin of the siphon and part of the ventral 
surface, and in addition small hooked hairs are scattered over the ventral surface 
Normally the whole ventral surface and the proximal half of the dorsal surface 
retain an airfilm. 

When the bug is submerged the siphons remain completely retracted under 
the wings. During the ascent to the surface (which is usually made at about 
5 cm/min) the siphons are protracted and retracted in phase with weak ventilation 
movements, and with each protraction a column of air is drawn out on the siphon 
bristles. Immediately the siphons make contact with atmospheric air strong 
abdominal ventilation movements begin. If the air is displaced from the siphon 
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hairs (e.g. by rubbing with grease) the bug continues to ascend until the posterior 
part of the abdomen protrudes above the surface, the abdomen is then flexed 
ventrally and ventilation takes place through the gap between the wings and the 


abdomen 
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\, Lethocerus cordo Dorsal view of the ft respiratory siphon. B-G, 
columbiae. B, sagittal section through the left siphon showing the muscles which 
iphon dorsally (cm), and those which straighten it (sm). C, ventral view of the 
siphon. D, lateral view of the left siphon. sp, spiracle 10. E, transverse section through 
iphon showing the cuticular columns (cc) arising on the ventral wall, and the loose 
membrane (m) joining dorsal and ventral walls at the margins. F, lateral view of the 


ibdomen showing the siphons curved at the water surface (ws G, transverse section 


through the siphons howing the uir column (ac) which joins the dorsal store to the 


The ventral wall of each siphon bears numerous cuticular invaginations which 
form rigid columns ending against but not attached to the inside of the dorsal wall 
(Fig. 12 E). They are 100-140 , tall at the proximal end of the siphon and decrease 
in height to 60-80 y at the distal end, and they keep the ventral and dorsal walls 
apart so that blood can freely circulate between them. 

At the lateral margins both dorsal and ventral siphon walls curve inwards and 
end in a thickened ridge. The ridges, which normally rest against one another, 
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are joined by a loosely folded membrane (Fig. 12 E) and only near the tip of the 
siphon are they rigidly fused together. The dorsal wall can thus move longi- 
tudinally along the ventral and this movement is used to curve the siphons as will 


be described below. 
Siphon movements 


Ihe siphons can perform three types of movement 

1. Extension and retraction. Extension is achieved by abdominal pressure and 
relaxation of the retractor muscles. A pair of muscles, one attached to the base 
of each siphon and arising on a long apodeme which is fixed to the anterior edge of 
the seventh segment, retract the siphons under the wings (Fig. 11). The siphons 
can be extended 8 mm. ‘The retractor muscles, which do not act through a lever 
system, are 16 mm long when the siphon is fully protracted, so that they must be 
able to contract to 50 per cent of their resting (extended) length. In Lethocerus, 
the siphons, which are 21 mm in length (Fig. 12 A), extend maximally 15 mm 
[he retractor muscles, which are attached to very long apodemes (15 mm), are 
stretched to 27 mm when the siphons are fully extended, and therefore can shorten 
to 45 per cent of their stretched length Ihe very great lengthening of the 
retractors was thought to depend on a specialized elastic segment in series with 
the muscles. As already mentioned extension of the siphon is achieved by 
abdominal pressure, and is not possible in a bug with small parts of the abdominal 
sclerites removed. Pressure, however, is not needed to maintain the siphons ir 
an extended position as can be shown in an anaesthetized or damaged bug 
Consequently the extension must depend on non-elastic stretch of the muscle 
When the muscles are cut, pressure in the abdomen extends the siphons and they 
remain extended indefinitely: if forcibly pushed in, they are usually extended 


again soon after the bug is released 


Lateral movements. These are sometimes seen when the bug is Out of water 
or when the airfilm on the siphons has been displaced. ‘They can occur in one 
siphon alone, but are often seen in both together as separating movements. ‘They 
are brought about by small muscles at the base of the siphons, and their significance 


1S unknow n 


3. Dorsal curving. ‘This is the most interesting type of movement. The bug 
is normally less dense than water, and when it surfaces for ventilation and there 


is nothing for it to grasp, it floats nearly horizontally (Fig. 12 F). In order to 


pierce the water surface, the siphons, after being extended, curve dorsally. ‘This 


movement is achieved by a series of diagonally situated muscles inside the siphons, 
which are attached to the dorsal and ventral walls (Fig. 12 B). ‘The contraction of 
one series slides the dorsal wall anteriorly along the ventral, and since the walls 
are joined rigidly only at their tips, this results in dorsal curving of the siphon 
Contraction of the other series, which runs at right angles to the first, produces 
straightening of the siphon by the reverse movement. ‘The bending is comparabk 


to the action of a bi- metal strip thermostat 
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Bending and straightening can be produced artificially by holding the dorsal and 
ventral walls in different pairs of forceps and sliding one along the other. It has 
also been produced by electrical stimulation of the nerves supplying these muscles, 


short bursts of shocks at 50 per sec causing bending and straightening 


Function of the siphons 

In Laccotrephes the siphons make contact between the atmosphere and spiracle 
7 alone and presumably the sub-hemelytral airstore is replenished largely from 
spiracle 3. However, in the Belostomatidae the siphons place the sub-hemelytral 
airstore and therefore all but the first pair of spiracles directly in contact with the 
atmosphere. ‘There is probably little significance in the situation of spiracle 10 at 
the siphon base, particularly since in structure it is very similar to the other 


abdominal spiracles. 


The respiratory system of the last larval instar 

The respiratory system of the last larval instar differs from that of the adult in 
a number of interesting ways. Spiracle 1 is represented only by an ecdysial scar, 
and a small trachea to it leading off from the main trunk is collapsed and blackened. 
Spiracle 2 is large and functional and its fine structure is the same as in the adult. 
[It communicates with the large ventral abdominal airstore by means of a hair-lined 
channel, the equivalent of the inner channel in the adult, and also of the meta- 
thoracic funnel in Nepa (HAMILTON, 1931) (Fig. 13). Spiracle 3 faces posteriorly 
and opens into the ventral airstore. It has a more central position than in the 
adult, and its fine structure is identical with that of the adult spiracles 1 and 2 
(and spiracle 2 of the larva). Spiracles 4-10 are very similar in larva and adult. 

\ large ventral abdominal airstore replaces the sub-hemelytral airstore of the 
adult, and the functional spiracles open into it directly. ‘The metathoracic sterna 
are extended posteriorly into two large flat processes, fringed with hydrofug: 
hairs 3-4 mm long, which cover the anterior part of the airstore. They act in a way 
analogous to the wings in the adult, protecting spiracles 2 and 3, and probably 


preventing the airstore from being dislodged during active swimming. ‘The 


airstore is trapped by an arrangement of hairs similar to those in the adult ventral 
airfilm. ‘The lengths of shaft and blade of the long hairs are 2-0 and 0-5 mm 


respectively—longer than in the adult—and there are 2-4 10" per cm*. ‘Th 
enclosed air-filled canal of the shaft branches at the base of the blade to form 
three to seven canals, which diverge and travel through the blade to re-unite at 
the tip (Fig. 10 A). ‘The small hooked hairs are 50-60 y long and occur at a density 
of < 10° per cm*. The airstore is not wetted under 200 cm Hg maintained for 
5 min, but, as in the adult, the long hairs ars pressed against the abdomen and 
return to the upright position when the pressure is restored to normal. 

‘The larva does not possess respiratory siphons, and spiracles 10 lie on the ventral 
surface of the abdomen. In the last larval instar the outline of the adult siphons 
is visible, but they remain fused to the rest of the abdomen. Long hvdrofuge hairs 
on the tip of the abdomen normally pierce the meniscus and join the airstore to 


the atmosphere, but whichever part of the airstore is uppermost can do this 
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In conclusion, while the mode of operation of the adult and larval respiratory 


systems is similar, the 


main differences are in the 


1 in the larva, in the structure of spirack 


, 
absence of a functional spira 


le 
: of the 


sreftmr 
a at 


thoracic 


extension 


SOME PROPERTIES OF THE SPIRACLES OF HYDROCYRII 

Sieve -plates covering the spirack s of terrestrial insect 
of dust into the 

insects they probably resist the entry of 


explain their presence (or that of sit 


and Coleoptera inhabiting moi 


surface active materials reduces the 
readily wettabl 


environments 


tension and would n 


if they were not adequately protected (cf. Hinton, 1960 
Introduction, | 


nowevel 


was suggested in the 


,! 
ieve-plates may considerably 
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the airflow through the spiracles which in a large flying insect could be a serious 
restriction; but there are no published data on the airflow through the sieve-plates. 


Experiments have been carried out to measure the airflow under different 


pressures through the spiracles, and these have been correlated with the actual 


pressures in a normally ventilating bug. The resistance of the spiracles to the 


inder pressure has been measured, and finally experiments have 
indertaken to demonstrate the effect of sieve-plates on the water loss. 


entry of wate! 


hee! 





Fic. 14. Hydrocyrius columbiae Ihe airflow through spiracle 1 under different 
pressures. The airflow through spiracl 


es 2 and 3 is added for comparison 
lirflow through the pterothoracic spiracles 
The 


method was modified from one already described (MILLER, 1960). 
Spiracles were cut out with a small amount of surrounding cuticle. In some cases 
the floor of the atrium was entirely removed while in others the tracheae were cut 
close to the atrium which was left intact, but this did not affect the results. A wax 
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and resin mixture was at first used to fix the spiracle to the end of a short glass 
tube. Since the wax when melted tended to run into and block parts of the 
membrane, in some experiments ‘Copydex’ was used as an alternative adhesive 


Ait w y Y 


>) 


Fic. 15. Hydrocyrius columbiae. The airflow through spiracle 2 under different 


pressures. The airflow through spiracle 1 is added for comparison 


This proved very satisfactory provided the surface was dry and precautions were 
taken to ensure that the join was airtight. Air was driven through the spiracles 
under different pressure heads of water and the time taken for the meniscus to pass 


two points was measured. ‘he volume of water which passed between the points 


was taken to represent the volume of air which had passed through the spiracle 
in the same time. 

Over 100 readings at various pressures were made on each spiracle. A large 
amount of variation obtained was found to depend on the dryness of the spiracles 
those which were thoroughly dry permitted air to pass through nearly twice as 
fast as spiracles just removed from the insect. This was presumably due to slight 
distortion and shrinkage, although no change in appearance was detectable. To 
avoid it, measurements were made as soon as possible after removal from the 
insect, and the surrounding cuticle was kept moistened with saline throughout 
the readings. If the inside of the sieve-plate were accidentally wetted, the spiracle 


became completely impermeable to air. 
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In Fig. 14 the results from spiracle 1 of a mature female (weight 11-0 g) are 
plotted, and spiracles 2 and 4 are drawn in for comparison. In Fig. 15 the airflow 
through spiracle 2 of the same insect is shown on a larger scale and spiracle 1 is 


added for comparison. In Fig. 16 the results from spiracle 3 of the same insect are 








- 


an 
=p 





jlumbiae. The airflow through spiracle 3 under different pressure 


intact (@); spiracle with the sieve-plate removed ( 


shown and they are compared with measurements made after removal of the 
sieve-plate. Each point on the graphs represents the average of about five readings. 
Very similar graphs have been obtained from the spiracles of other bugs. Further 
readings were taken with the spiracle reversed (= air entering the insect), but no 
differences could be detected. 

It is immediately apparent that there are striking differences in the rates of 


airflow, spiracles 1, 2, and 3 being in the ratio of about 1 : 0-1 : 100. 
| 


lirflow through the abdominal spiracles 

The abdominal spiracles all have the same structure and are of similar size. 
lhe airflow has been measured through spiracles 5-9, and it is assumed to be 
similar through spiracles 4 and 10, whose position makes them more difficult to 
investigate [he method was the same as for the pterothoracic spiracles, the 
glass tube being fixed to the outside of the cuticle, and a considerable quantity of 
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tissue together with 2 mm of trachea were left intact on the inside. The tissue was 
kept moistened with saline throughout, since drying caused a relatively greater 
increase in airflow than in the pterothoracic spiracles, probably due to separation 


27 


Fic. 17. Hydrocyrius columbia rflow 1 spiracl inder different pressures 


\lso shown on the grapt through spuiracle 


j 


if air passes only through th ve-plates irflow throug! racle 2. C, calculate 


urflow through all fourteer 


of the lips. In some experiments air was blown out through the spiracles but 
the readings were unaltered, so the lips do not act as a valve permitting more air 
to leave than to enter, as their structure might suggest. Fig. 17 shows the airflow 
through spiracle 7 of a female (11-0 g), and the airflow through spiracle 2 is added 
for comparison (B)—it is about twice that through spiracle 7. Other data on the 
graph will be discussed later 
Measurement of the pressure during expiration 

Various tracheae in the abdomen, thorax, legs, and neck can be seen through 
transparent parts of the cuticle of a ventilating bug to collapse during expiration 
and to re-inflate with inspiration. ‘The tracheae thus behave like the airsacs of some 


other insects, although there is probably no collapse of peripheral tracheae during 


inspiration, as may occur in peripheral airsacs (McCutTcueon, 1940). Since the 


tracheae under pressure collaps« so readily, there can be little resistance by the 
sieve-plates to the exit of air. The typical rounded airsacs of other large insects 
are almost entirely absent in Hydrocyrius, and their place in the pterothorax 1s 


taken by an unusual arrangement of parallel cylindrical airsacs which lie closely 
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packed together on the flight muscles, and from which very numerous small 


tracheae and tracheoles invade the muscle. 

To measure the pressure in the haemolymph of a normally ventilating bug, a 
cannula was waxed into the sternum of the second abdominal segment. ‘The tip 
of the cannula was bent round and partially protected by a small shield to prevent 
it from being blocked by surrounding tissues. The cannula was filled with saline 
and joined to a mercury manometer. Movements of the mercury meniscus were 
measured against a small scale under a low-power binocular microscope. ‘lhe 
cannula was successively waxed into different sites in the thorax and abdomen, 
but no significant difference in the recorded pressures was obtained. 

The pressure in the haemolymph and not in the tracheae is measured by this 
method, and since the tracheae are flattened soon after the start of the expiratory 
stroke, it can be inferred that the intratracheal pressure will always be slightly 
less than the pressures measured in the haemolymph. Ventilation when the bug 
is out of water or at the water surface is more or less continual and very regular. 
This ventilation, which will be called the ‘resting’ ventilation, produces a maximum 
expiratory pressure of 2-3 mm Hg. During vigorous ventilation after struggling, 
pressures of 3-5 mm Hg have been recorded, and greater pressures than these 
will probably occur when the bug is actively ventilating prior to flight. It has not 
been possible to take measurements at this time so far, since it is only with great 
difficulty that the bugs can be induced to fly. Ventilation prior to flight, which 
usually takes place at night some time after the bug has left the water, involves 
very active prothoracic and abdominal pumping movements for which there are 
special muscles. Just before take-off, the ventilation reaches very high frequencies 
of 4-5 per sec. 

For so large an insect the measured pressures are comparatively low. In several 
smaller insects Watts (1951) made indirect measurements of the intratracheal 
pressure and found values of about 1 mm Hg at rest, and an increase of up to 10 mm 
during strong ventilation. The presence of valves on the spiracles of some insects, 
which open a short interval after the expiratory stroke has commenced, means there 
is a brief ‘compression’ phase during which no air escapes and the pressure rises, 
although, as WIGGLESWORTH (1953) points out, very little actual compression of 
the gas occurs. The absence of a compression phase, resulting from the lack of 
spiracle valves, may explain the low pressures recorded in the haemolymph of the 


bug during expiration, even when ventilation is strong 


The resistance of the spiracles to the entry of water 


The whole insect and several spiracles separately have been subjected to 
pressures up to a maximum of 220 cm Hg. The experiments were carried out in a 
glass vessel filled with distilled water. A tube containing mercury was attached 
to the lower end of the vessel and pressure was applied by raising a reservoir of 
mercury fixed to the other end of the tube. 

With an intact bug in the vessel a pressure of 220 cm Hg was applied for 5 min 
(equivalent to a depth of water of 30m). No air escaped from the bug, and the 
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ventral airfilm was flattened but not wetted, as already described. Observation 
through a low-power microscope showed all the visible tracheae to be flattened 
but still silvery. On return to atmospheric pressure the spiracles and the sub- 
hemelytral airstore were found to have remained unwetted, and the bug showed 
no ill effects. A last instar larva was likewise able to resist this pressure. 

The tracheal collapse can be explained by the presence of a rigid non-collapsible 
airspace outside certain spiracles. For spiracle 1 this is the cavity between pro- 
and mesothorax which is entirely bounded by rigid cuticle. In spiracles 2 and 3 
it is primarily the two air channels and to a lesser extent the sub-hemelytral airstore, 
which is partly compressible. Compression of the abdomen transmits pressure 
via the haemolymph throughout the insect and air from the tracheae is forced 
out into the incompressible airspaces. Collapse of the tracheae brings the opposing 
walls into contact and in the larger tracheae the small bristles interlock. If any 
water does enter the spiracles under these conditions the bristles may form a 
further barrier to its passage into the tracheae. 

Under pressure the inner wall of the atrium of spiracle 1 is forced up into the 
domes of the sieve-plate and may give them extra support, but this would only be 
useful if the air in the space outside spiracle 1 was displaced by water 

In the next experiment spiracle 1 was exposed directly to water by removing 
part of the prothorax and sealing the wound with wax. Under about 10 cm Hg 
the outside of the spiracle was wetted, but no water entered the spiracle and au 
in the sieve-plate was not displaced. Under 150 cm Hg water penetrated the 
sieve-plate and the bug was asphyxiated, although it usually recovered if released 
after 1-2 min. When subsequently dissected, water was found in the atrium and 
some of the tracheae were flooded. Similar results were obtained when the wings 
were removed to expose spiracles 2 and 3. In spite of differences in structure, water 
does not appear to enter spiracle 3 more readily than spiracle 1 

Finally the effect of pressure on the isolated spiracles 1, 3, and 9 was observed 


‘The spiracles were cut out and waxed to the ends of small pieces of glass tube as in 


the airflow experiments. To the other end a short length of rubber tube, sealed 


at the far end, was joined. The spiracles were placed in the pressure vessel and 
watched through a microscope while pressure was applied. Under 38-40 cm Hg 
the sieve-plate of spiracle 1 buckled in, was entirely wetted, and permitted water 
to enter the tube. Spiracle 3 allowed water through under only 2-3 cm Hg, but 
it did not buckle inwards. On the other hand, spiracle 9 from the abdomer 
prevented the entry of water under 200 cm Hg maintained for 10 min 

It is clear that under these conditions spiracles 1 and 3 are far less efficient at 
excluding water than when attached to the bug. Water does not enter spiracle | 
before the membrane buckles, and this may be prevented in the intact bug by 
support from the atrial floor which is forced up into the sieve-plate. A simular 
occurrence may take place in spiracle 3 although the plate does not appear to 
buckle before allowing water to enter 

In conclusion the respiratory system is able to remain unwetted if the bug 


swims to a depth of at least 30 m. Normally water is prevented from reaching th¢ 
f f 
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spiracles by various overlying structures, or in the abdominal spiracles by the ventral 
hair-pile, and the main function of the sieve-plate may be to prevent the tracheal 
system from being wetted and clogged by occasional drops of water which may leak, 
for example, under the wings when the bug 1s near the surface. Since the tracheae 
collapse readily under pressure oxygen shortage may quickly develop. Conse- 
quently the bug appears to be adapted to withstand rapid increases of pressure 
of short duration which would occur if the bug was swimming down actively 
but unable to survive long submergence at considerable depths. 


hese conclusions are what would be expected in a large active insect dependent 


on tre quent visits to the surface for respiration (about two visits per hour at 24°C 


in well-aerated water). Moreover, the bugs are often found in small ponds, not 
more than 1-2 m deep, and among the fringeing aquatic vegetation of lakes where, 
in Lake Victoria and elsewhere, they form an important part of the diet of young 
crocodiles (CORBET, 1959) 


Effect of the sieve-plates on the rate of water loss from the spirac les 
Experiments were carried out first to determine the effect of the sieve-plates 
on the rate of water loss by diffusion, and secondly when air was being pumped 
All experiments were carried out at 24-26°C and at 70 per 
In the first experiment altogether forty-eight spiracles (1, 2, and 3) were cut out 
and waxed to the ends of small glass tubes, as for the airflow experiments The 
tubes were filled with distilled water so that the meniscus was 2 mm below the 
sieve plate, and their free ends were then sealed. Each tube was weighed on a 
torsion balance every half-hour for 8hr. Next the sieve-plates were carefully 
cut off, distilled water renewed to the original level and the weighings repeated 


No difference in the rate of water loss with or without a sieve-plate could be 


1 second series of experiments the rate of water loss from an intact bug was 
measured in still air and in air moving at 3 m/sec (from a wind tunnel). A further 
comparison was made with the bug pinned down and its wings unfolded so that 
spiracles 3 were exposed: this experiment was then repeated with the sieve- 
plates removed from spiracles 1 and 3 

In each experiment the bug and the cork to which it was pinned were weighed 
every half-hour, and in the last experiment the spiracles were checked to ensure 
they we re not blocked with blood | he measurements were pe rformed succt ssively 

three insects 
lhe results are shown in Fig. 18. In each set of weighings there is a sharp 
initial drop as superficial water dries and then a constant slow loss in weight 
‘here is a slight increase in the rate of water loss in moving air, but no increase 
when the wings are spread open. A slight increase after the removal of the sieve- 
plates disappears after about 7 hr 

he rate of water loss from the general body surface and from the spiracles is 


high. After the initial drying of superficial water, the loss is 0-15 g/hr (1-25 per cent 
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of the initial weight). Bugs normally die of desiccation after more than 2-3 


davs out of water, and it is safe to conclude that the very slight reduction in water 


loss brought about by the sieve-plates can have little or no ecological significance 


DISCUSSION AND CONCLUSION 


In the Introduction it was pointed out that the presence of sieve-plates might 
impede the airflow through the spiracles considerably, and that this must be 
reconciled with great demands for oxygen during flight, particularly in an insect as 
large as Hydrocyrius. However, the airflow experiments show that the sieve-plate 
over spiracle 3, unlike that of the other spiracles, in fact offers very little resistance 
to the air 

‘able 2 shows the airflow through spiracles 1, 2, 3, and 7 under a pressure of 
10cm water. The fine structure of spiracles 1 and 2 is identical and there ts 
reasonable agreement between the airflow of each per square millimetre Ihe 
area of the sieve-plate of spiracle 3 is hard to determine exactly since it is much 
folded, but it is probably similar to that of spiracle 1; nevertheless, the airflow 


through it is nearly 100 times greater lhe large discrepancy may be explained 


by reference to the fine structure In addition to the difference in pore size 
I 


(O-25—0-5 Ts in spiracl 1; 2°5-3-5 u~ in spiracle 3), two other details of structure 


in spiracle 1 may cause it to offer more frictional resistance to the flow of air; the 
pinnules surrounding the pore of spiracle 1 are much larger in cross-section than 
the small branches round the pore of spiracle 3, and secondly the additional system 
of small branches between the trabeculae and membrane is not present in spiracle 3 

[he much greater permeability to air of spiracle 3 is probably associated with 
the increased demands for oxygen during flight, since the spiracle communicates 
directly with tracheae supplying the flight muscles, and because the same spirack 


in the larva does not have this property. When both spiracles 3 in an ad ilt are 
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blocked with wax, the bug is able to lead an apparently unimpaired aquatic life, 
but it has not yet been possible to see if it is able to fly 

lhe fine structure of the sieve-plate of spiracle 7 is the same as that of spiracles 
| and 2, but the airflow per unit area is nearly double the mean of spiracles 1 and 2 
his discrepancy suggests that air passes through the spiracle by a second route 


TaBLE 2—THE AIRFLOW PER UNIT AREA 


THROUGH THE SPIRACLES OF Hydrocyrius 


Area of Airflow per mm* 
Spiracle sieve-plate under a pressure 
(mm?) of 10 cm water 

(ml/min) 


The calculated airflow through spiracle 7, assuming it to pass only through the 
sieve-plates, is shown on Fig. 17 A—it is about half the actual flow. A possible 
second route through the spiracle is between the lips, which although lying pressed 
close together have slightly corrugated surfaces through which air could pass 
Attempts were made to block the sieve- plate with molten wax and in other spiracles 
the lips with petroleum jelly. They were not wholly successful since it was difficult 
to limit the area waxed or greased, but in most cases the airflow through the 
spiracle was about halved. It seems likely therefore that half the total gas exchange 
through an abdominal spiracle is through the sieve-plate and half through the lips. 
The total gas exchange through all the spiracles situated on the abdomen will be 
about 14 times greater than through one spiracle, but this is still slightly smaller 
than through one spiracle 1 (Fig. 17 C). 

To conclude, the sieve-plates covering the spiracles provide a considerable 
resistance to air passing through the spiracles, but modifications in structure reduce 
this to a minimum in spiracle 3 and therefore the main respiratory exchange in 
flight and at rest probably takes place through this spiracle. It is unlikely that the 


bugs ever descend to great depths, and the spiracles are so well protected by 


overlying structures that the sieve-plates are probably never called upon to resist 
water under pressure, but only to prevent wetting by accidental drops. ‘lhe 
sieve-plates are not important in reducing water loss from the tracheal system 
while the bug is out of the water. As THORPE (1950) points out, the Belostomatidae 
clearly belong to group III in his classification of water insects. Members of this 
group have devices for holding an airstore under the water, but are dependent on 
regular visits to the surface for renewal of air, and contributions from physical 
gills are small or negligible. 

We are, therefore, not yet able to account for the existence of the beautiful and 
delicate structure of the sieve-plates in a wholly convincing manner. 
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Abstract— Vastigo us giganteus possesst 1 pair of voluminous 


f 


ecretion of which consists of 84 per cent acetic acid 5 per cent caprylic acid, and 11 per 


vater. The secretion is ejected forcibly as a finely dispersed spray that can be 


curatel in almost all dir ion ts as a strong deterrent to predator 
ing repellent to arthropods and vertebrates alike 


yresence of caprylic ac d ids considerably to the effectiveness of the weapon 


inst arthropod vetting agent, caprylic acid promotes 


»f the spray droplets o uticle of the predator, hence increasing the 


1 of contact of the poiso iddition, capry! acid exerts a marked 
y effect on the penetration of the ecretior presi nabl by increasing the 


of the epicuticular lipid barrier 


INTRODUCTION 

Most familiar of the Pedipalpida, and usually selected to exemplify the order as a 
whole, are the bizarre members of the family Thelyphonidae, commonly called 
whipscorpions. To naturalists they are perhaps best known for their remarkable 
ability to secrete a pungent and highly irritating fluid, discharged forcibly as a 
jet-like spray when the animals are seized or otherwise disturbed (GRAVELY, 1915; 
STRUBELL, 1926; WerRNeER, 1935; Woop-Mason, 1882). The spray can be the 
source of considerable annoyance and pain to the unwary collector (SANDERSON, 
1939; SrruBELL, 1926), and in at least one recorded instance is said to have 
elicited serious blistering of the skin (HowarRD, 1919) 

The secretion has never been analysed chemically, but this has not discouraged 
the usual attempts to guess the constituents on the basis of odour alone. Such 
guesses, as they apply to the secretions of other arthropods, are often contradictory 
and the source of much confusion in the literature, but in the case of whipscorpions, 
and of the New World forms in particular, they are almost without 
exception in agreement. The reason for this anomaly is simply the fact that the 
secretion is reminiscent of a common laboratory chemical, distinct in odour, 


and virtually impossible to mistake: acetic acid. Even some of the vernacular 


Grant E-2908 of t a tipend 
reported previou ly 
INSLEY et al., 1961) 


I eading 
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names given whipscorpions throughout some of their range are suggestive of the 
presence of acetic acid. In Martinique they are known as vinaigriers (Pocock, 
1895; Woop-Mason, 1882), in certain regions of Mexico as vinagrillos (W. ] 
GERTSCH, personal communication), in Brazil as escorpides vinagre (P. E. VANZOLINI, 
personal communication) and in parts of the U.S.A. as vinegarones or vinegaroons. 
It is possible that in some of the Old World forms the secretion may not be the 
same. Comparison has sometimes been made with formic rather than acetic acid 
(STRUBELL, 1926), and in certain Indian species the odour is said to be totally 
aberrant (GRAVELY, 1915). 

The spray is generally assumed to be defensive in function, but to our knowledge 
there is no record of witnessed predator—prey encounters 

The present study is an attempt to determine (1) the exact chemical composition 
of the spray, (2) the operation of the spray mechanisms, (3) the defensive effective- 
ness of the secretion, and (4) the relative significance of its major and minor 


components. A single species was used, Mastigoproctus giganteus (Lucas). 


MVASTIGOPROCTUS GIGANTEUS AND ITS GLANDS 


The more than fifty whipscorpions used for this study were collected by EISNER u 
1959 on the grounds of the Southwestern Research Station of the American Museum of 
Natural History at an elevation of 5400 ft, in Cave Creek Canyon, Eastern slope of the 
Chiricahua Mountains, 5 miles West of Portal, Arizona (Cochise County). All were taker 
at night, on the open ground, or more frequently in clefts among rocks. Immature and 
mature specimens were included, ranging in length from 1-3 to 7:5 cm (anterior marg 
prosomal carapace to base of flagellum). When seized, all animals invariably discharg: 
the spray sometimes being clearly visible as a fine mist in light of the collecting lanterns 


In the laboratory the vinegaroons were confined singly (to prevent cannibalisn 


glass observation cages with damp soil and rocks. ‘They were given cockroaches (Pertplanet 


americana), mealworms (Tenebrio molitor larvae), and a iety of other live arthrop 
‘Two large Peritplaneta per week suff oO maintain an adult | rev is caught 
crushed by the powerful second appendages (pedipalps), the soft parts are extracted, a1 
cuticular remains discarded 

The anatomy of the glands has been described in this and other species by 
LAURIE (1894), ScHimKEWwITscCH (1906), Woop-Mason (1882), and notably by 
BORNER (1904). They consist of two relatively large thin-walled sacs, situated 
posteriorly in the opisthosoma, immediately adjacent to the sternal cuticle (1 iw. Y) 
Oddly, they are never symmetrically disposed, one being medioventral (according 
to BORNER usually the right one), and the other lateral. ‘Their contents in freshly 
dissected specimens are always hyaline. Unless fully distended, their walls are 
folded longitudinally and appear closely and regularly striate. Posteriorly, they 
taper gradually and converge, and extend as two narrow ducts (Fig. 10) on each 
side of the rectum through the short three-segmented knob-like postabdomen 
(segments XVI-X VIII) that forms the stalk of the flagellum or ‘whip.’ They open 
on the end of this knob as two narrow slits adjoining the anus (Fig. 11) 

The wall of each sac consists of an inner cuticular lining, a simple and 
apparently uniformly differentiated secretory epithelium, and an outer layer of 


muscles, mostly circular, that presumably effect the discharge (BORNER, 1904) 
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The slit-like orifice of each gland is said by BORNER on the basis of histological 
observations to be opened and closed by an antagonistic pair of muscles. From 
his figures, however, it seems equally likely that both muscles are openers, and 
that closure is simple effected passively through cuticle elasticity (by pryig in the 
slits with a needle the intrinsic resilience of the cuticle can be readily demonstrated 


in preparations treated with KOH and consisting of cuticle alone). 


Il. CHEMICAL COMPOSITION OF THE SECRETION 

(he obvious first clue to the composition of the secretion was the very 
characteristic odour of acetic acid. It was also clear, however, that at least one 
other organic constituent had to be present. Evidence of this stemmed from the 
fact that after a discharge there always remained on such portions of the skin or 
clothing as were hit by the spray, a faint but distinct residual odour, vaguely 
reminiscent of rancid fat, and persisting unchanged for an hour or longer. It 
also seemed reasonably certain that the secretion contained little if any water. This 
was indicated by the finding that when a whipscorpion was induced to spray on 
dried filter paper impregnated with cobaltous chloride, the colour of the paper 
remained an unchanged deep blue, rather than turning pink. It became the 
purpose of our laboratory analyses to confirm the presence of acetic acid, to check 
for water content, to determine the nature of the odoriferous residue, and to 
evaluate the proportions of all components concerned 

he secretion was collected by causing whipscorpions to discharge one after the 
other into a small glass vial, the narrow mouth of which fitted closely over their 
postabdominal knobs. By this procedure, a rapid succession of milkings could be 
made without undue exposure of the sample to air, thereby minimizing the 


chances for an alteration of the constitution of the secretion through differential 


evaporative loss of its constituents. 

\s only relatively small quantities of secretion were available, physical methods 
were indicated. Infrared spectrophotometry and vapour phase chromatography 
were used to identify and estimate the components, while the preparation of 


crystalline derivatives provided an additional chemical check 


Spectrophotometric identification of acetic and caprylic acid 


Infrared examination (in carbon tetrachloride solution) of the crude sample, 
after drying over anhydrous magnesium sulphate, revealed the chief component 
to be acetic acid. ‘The only discrepancies between the spectrum and that of an 
authentic acetic acid sample were extra shoulders at 6°83 u and 8-10, in the 
spectrum of the natural product. ‘These extra peaks were shown to correspond to 
those in the spectrum of an authentic sample of caprylic acid. 

\ relevant observation was that the odour of caprylic acid is indistinguishable 
from that of the residue left by the spray. 


Chemical identification of acetic acid 


\ sample of secretion (228 mg) was treated with aqueous sodium hydroxide 
(10°,, ca. 1-2 ml) until just alkaline, was then made just acid to litmus with 
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dilute hydrochloric acid, and was extracted with carbon tetrachloride in order to 
remove the small amount of water-insoluble oil which was noticed. The aqueous 
layer was heated under reflux for 2 hr with p-bromophenacyl bromide (500 mg) in 


ethanol (5 ml). A few drops of water were added, and when cold the derivative 


(265 mg) was filtered off. It had m.p. 85—86°C, undepressed on admixture with an 
authentic sample of p-bromophenacy] acetate (m.p. 86°C; Moses and Reip, 1932). 


Chemical identification of caprylic acid 

The insoluble oil (7-9 mg) which had to be extracted in order to allow crystal- 
lization of the p-bromophenacy] acetate could be recovered from the dried carbon 
tetrachloride extract described above simply by evaporation of the solvent. Its 
infrared spectrum (in carbon tetrachloride) was almost identical to that of an 
authentic sample of caprylic acid. To confirm this conclusion chemically, a 6 mg 
sample of the oil was heated under reflux for 1 hr with thionyl chloride (100 mg), 
volatile matter was removed, and the residue treated with concentrated aqueous 
ammonia to give caprylamide, m.p. and mixture m.p. 102-105°C (m.p. of authentic 
sample = 105°C; Ropertson, 1919). 


Determination of acetic acid : water ratio 

Vapour phase chromatographic examination of the crude sample* confirmed 
the presence of acetic acid as the main constituent and also gave evidence of the 
presence of water. The ratio of acetic acid to water was found to be 88 : 12, by 
comparison with a series of standard mixtures. 

It should also be mentioned that formic acid and proprionic acid, which would 
have been well resolved on the column used, were shown to be absent from the 
mixture. 


Determination of caprylic acid content 

The concentration of caprylic acid was estimated by preparation of a dried 
ethereal solution of 82-6 mg of secretion, addition of a known weight of capric acid 
(6:3 mg), and treatment with excess ethereal diazomethane in order to convert all 
acids to methyl esters. Removal of the readily volatile material left behind a 
residue consisting essentially of methyl caprylate and methyl caprate. ‘The ratio of 
these two components was easily determined by means of vapour phase chromato- 
graphyt using known mixtures of methyl caprylate and methyl caprate as standards 
for comparison. The concentration of caprylic acid in the secretion was found to be 
5-37 \ second run, based on a comparable sample, gave a concentration of 5-13 

One might add that a further chromatographic run at high sensitivity revealed 
the presence of trace quantities (less than 0-5 per cent) of other components which 
were not investigated further. 

On the basis of the above techniques, the composition of the secretion can be 
expressed as: 84 per cent acetic acid, 5 per cent caprylic acid, 11 per cent water. 
* Stainless steel column } in. x 3 ft, packed with 18°, PEG on Kel-F, operated at 121°¢ 


+ Aluminium column } in. x 7 ft, packed with Craig’s ester (butanediol succinate polyester) on 
Chromosorb 35-80 mesh, operated at 148°C 


15 
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Ill. PHYSICAL CHARACTERISTICS OF THE SPRAY 


Direction, range, and number of discharges 
When the animals were first collected in the field it appeared that the spray was 
not ejected in a fixed direction, but actually seemed to be aimed toward the particular 


portion of the body by which the animals had been seized. The following experi- 


ments were designed primarily to permit a more precise evaluation of this 
phenomenon 

Individual whipscorpions, placed on sheets of filter paper impregnated with 
dark-red alkaline solution of phenolphthalein, were caused to spray on this paper by 
subjecting them to mild traumatic stimuli applied to various appendages or to 
different portions of the body. ‘The acid spray discolours the indicator instantly 
upon impact, and the target area becomes clearly outlined on the paper as a dense 
pattern of white dots 

a premature discharge of secretion during the preparatory 
he animal h was fitted with a small aluminium hook glued 
soma. By way of this hook they could be handled easily without ever 

ray. During the : ial affixing of the hooks the animals usually discharged 

rre, but allowance was mad wr at least a partial restoration of this lost 

maintaining the animals undisturbed for several days before finally subjecting 
experiments 

s the experiments themsel\ he animals had to be prevented from walking about 

was done simply by coupling ir prosomal hooks onto the ends of firm bras 

links of plastic bin ach rod was ld within an adjustable clamp 

stance on the desired ‘ m the indicator paper 

hnique was tally to that employed previously with other arthropods 

rR, 1958a d has already been described in detail (EISNER et a/., 1959) 

When appendages were pinched with forceps, or dorsal portions of the body 
touched with a hot needle, there almost invariably followed a prompt discharg« 
he spray was quite broadly dispersed, and was always aimed with sufficient 
precision to assure a thorough dousing of the area stimulated. Figs. 12-15 
illustrate the spray patterns of a sequence of discharges elicited by pinching a 
series of appendages 

In aiming, the postabdominal knob is revolved in such a way that the tip, 
bearing the glandular openings, is brought to point toward the stimulus (Fig. 17) 
Discharges directed forwards, to the prosoma or to the anterior appendages, are not 
aimed by orientation of the postabdome n alone, since the postabdom«e n cannot bend 
anteriorly at a sufficiently sharp angle, but require also an adjustment of the opistho- 
soma as a whole, which revolves at its base, and bends sharply upwards (Fig. 16) 

he flagellum accompanied the movements of the postabdominal knob in such 
a way that just before discharge it was usually pointed toward or even brought into 
distal contact with whatever instrument had been used for stimulation [he 
possibility was ruled out, however, that sensory information received by the 
flagellum contributes significantly toward an integration of the movements that 
ultimately aim the postabdomen, since total amputation of the flagellum in no way 


impaired the accuracy with which a discharge was aimed 
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When a varying stimulus was applied persistently, as for instance on a leg 


pulling with forceps, the animals usually discharged repeatedly, at intervals 


several seconds (never in rapid-fire sequence). Under such conditions it also 
became clear that the pedipalps, with their terminal chelae, can serve as effective 
means of defence. The animals attempted to turn and bring the pedipalps toward 
the stimulus (Fig. 17), and free specimens, unattached to hooks, sometimes 
succeeded in grasping the forceps with the chelae (Fig. 18) 

In no instance was a discharge elicited in response to any but direct cor 
stimuli. Sudden movement or a strong tapping nearby brought about either 
response at all, or sometimes, a sult of tapping, the assu 
posture: pedipalps spread wide and 1 1 slightly, opisthosom: 
flagellum directed forward or upwat iw intermittently 

Certain regions of the body 
ventral surface, for instance, 
postabdomen to bend d 
underside is therefore more vulnerablk 
least likely to be initially traumatized by a predator 
the underside with a hot ne« dle rarel ( ght about 
when it did, it appeared probal 
movements of the animal one of 
Another inacct ssible ri gion 
However. discharges produced 
enough on the prosoma and a! 
conditions one would expect 
dose of the spray 

Che maximu 
patterns 
most ne arly parall | al d hence 
stimulation of the last pair of legs 
adults that had remamed und 
20 to 40 cm, with a recorded n 
in respons to direct ft 
to be at 
signinca 

The number of cor 
undisturbed beforehand for 
specimens that were caused 
two, three, and four times res 

The question whether 
whether they do so one at 
that in some other arthropo« 
1958b), a walking stick (EISNER 
from the particular gland corr 


stimulatior In whipscorpior 
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relationship between side stimulated and gland discharged. If, for instance, a 
whipscorpion is stimulated by pinching appendages of only one side, and this 
stimulation is continued until the animal no longer discharges, a subsequent shift 
of the stimulus to appendages of the opposite side will bring about no renewed 
spraying, indicating that both glands had apparently become exhausted while 
discharging to only one side. 








Jased on a mixture equal in composition to the secretion (Mixture M,, Table 1), 
ows the relationsh #f volume of droplet to diameter of spot formed after 


the droplet on a ground-gl plate. From this curve were estimated the volumes 


pray droplets 


Size—frequency distribution of spray droplets 


he technique developed for estimating droplet size was based on the 
observation that, on the surface of a ground-glass plate, the spray droplets spread 


quickly and evenly, becoming clearly visible as small translucent spots that persist 


unchanged in diameter until evaporation. The diameter of the spots is a measure 
of droplet volume, and a special volume/diameter calibration curve was constructed 
from which droplet volume could be estimated. This calibration curve (Fig. 1) 
was based on diameter measurements of spots made by droplets of a solution of the 
composition of the secretion (Solution M,, Table 1) applied in known volumes with 
a micropipette to the same ground-glass plate. 
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. 4 
| ‘4 1) 


The diameter of the spots formed by the spray was of such magnitucdk 2 
that precise measurement posed no difficulty with a microscope. Actually, due to the 


angle of impact, the spots were oval rather than circular, and the orded diameters ri 


iths The spots remaimed cl 
, 
I 


sented averages between maxim and minimum wi 


| 
the residus 


visible for several minutes after impact (reflecting the persistenc: 
acid) and sufficient time was therefore available for taking a representative series 


measurements in any given spray pattern 








lroplet 


The results, shown in Fig. 2, give the size—-frequency distribution of a total of 


over 450 droplets, from portions of eighteen spray patterns of eight different 


adult whipscorpions 


IV. EFFECT OF THE SPRAY ON PREDATORS 


he predators used included both invertebrates and vertebrates (ants, solpugids, 
birds, lizards, and mammals), and the tests consisted simply of introducing whip- 
scorpions directly into a predator’s cage, or of transferring them together with th 


predator into special test arenas designed for the occasion. Only the experiments 


with Pogonomyrmex were done under special conditions, as described below 
In some of the encounters with Formica, sheets of phenolphthalein indicator paper 


used in the test areas as a means for visual detection of the spray. In al 
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was on the basis of odour alone. This posed no serious difficulty, since the acid vapours 
diffuse rapidly and can be appreciated at a distance almost instantly after discharge, but it 
did prove somewhat limiting, in that the direction of discharge and hence the accuracy of 
aiming could not be precisely evaluated in all cases. Actually, in the tests with birds, an 
initial attempt was made to use phenolphthalein paper, but the deep-red of the indicator 
seemed to constitute such a strong deterrent to their normal attack behaviour that its use 
had to be discontinued 

The various predators tested were from diverse locatities. Pogonomyrmex, the solpugids, 
and Cyanocitta stelleri were from the whipscorpion-collecting grounds near Portal, Arizona 
The grasshopper mice were also from Portal, but from a lower elevation and the type of 
dry desert habitat where whipscorpions apparently did not exist. Cyanocitta cristata and 
Formica were from Ithaca, N.Y. The lizards and armadillo were captive specimens of 
unknown source 


Ants (Formica exsectoides Forel) 


Individual whipscorpions, including only the smallest specimens available 
(body length about three times that of the ants), were released together with a dozen 
or more ants into small enamelled pans, vaselined along the sides to prevent escape, 
and lined with indicator paper. In their new environment, the ants were initially 
reluctant to attack, and despite repeated casual encounters never grasped the whip- 
scorpion with the mandibles. By prodding with a brush, however, they became 
considerably more agitated and aggressive, and on several occasions were induced 
to attack. In each case the response was the same: grasped by an appendage, the 
whipscorpion instantly revolved its postabdomen and sprayed with accuracy toward 
the assailant. The ant was repelled promptly, and fled rapidly and aimlessly, 
sometimes leaving a discoloured trail on the indicator paper, presumably from 
residual secretion left on its body. Periodically, during its retreat, the ant’s 
behaviour became conspicuously aberrant. With front legs outstretched and body 
stance lowered, it would come to an abrupt halt, and would then proceed slowly, 
dragging its body and mouthparts against the substrate. Such dragging behaviour 
lasted only a few seconds at most, but would recur intermittently, between compar- 
able phases of resumed rapid escape. Gradually, dragging subsided, both in 
duration and in frequency of recurrence, and when finally after one to several 
minutes the ant had returned to normal ambulatory pace, dragging disappeared 
altogether. For up to half an hour later, the ant could still be singled out from 
among its companions because of its unusually persistent cleansing activities. 

\n additional observation of possible significance was that after each discharge 
the whipscorpion seemed immune to further attack, and for a variable period, 
usually no more than a few seconds (during which the odour of acetic acid was 
strongly apparent), was conspicuously avoided by all ants venturing into its 
immediate vicinity. Obviously, the vapours of the secretion are in themselves 


repellent. Even after the odour of acetic acid had completely disappeared, certain 
restricted portions of the body continued to be avoided, but only on contact or 


near contact—not from a distance. These regions were still visibly wet with 
secretion, and at close range smelled distinctly of caprylic acid. The remainder of 
the body, however, was by now no longer shunned, and hence vulnerable. 
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During none of the attacks did any of the whipscorpions receive noticeable 
injury. 


ints (Pogonomyrmex occidentalis (Cresson)) 


Single small whipscorpions, affixed to rods (see technique, Section III), were 
placed a few inches from the nest entrance of a thriving natural colony of this ant, 
at a time in the early afternoon when the ants were active. 

In every major respect the results were similar to those with Formica. All 
attacks were successfully repelled, and none of the three whipscorpions tested was 
injured during the several minutes that each was exposed. Ants that were hit by the 
spray fled rapidly, and during their escape showed intermittent dragging behaviour, 
during which legs became outstretched and flailed vigorously, bringing locomotion 
momentarily to an almost complete halt. Such dragging behaviour was somewhat 
different in appearance from that of Formica, but was identical to that seen in a 
related species, P. badius (Latreille), in comparable experiments involving insects 
that spray quinones (EISNER, 1958a, b).* 

As in the tests with Formica, it was also noticed that each discharge was followed 
by a brief period of invulnerability, during which vapour, or residual secretion 
remaining on the whipscorpion’s body, seemed to deter further attack. With 
Pogonomyrmex this was particularly dramatic, because of the dense swarm of ants 
involved. Following a discharge, the whipscorpion would be seen in the midst of 
the swarm, but with not a single ant on it or immediately around it. Gradually the 
swarm would then close in, only to be dispersed again instantly by the next 


discharge 


Solpugids (Eremobates sp.) 


Of the many invertebrate predators tested in connexion with this and related studies, and 
including among others spiders, centipedes, scorpions, ants, carabid beetles, and praying 
mantids, the solpugids are among the most aggressive and voracious. In captivity they 
rapidly pounce on any small arthropod introduced, crushing it and chewing it to a pulp 
with the large and powerful chelicerae, then swallowing the soft parts and discarding the 
rest. Larger prey are also overcome without much of a struggle, and are usually incapacitated 


promptly by the huge initial tear inflicted by the chelicerae. Solpugids are cannibalistx 


and must be confined singly. Their pedipalps have a unique terminal adhesive organ and the 
observation by HeyMons (cited in SNopGRAss, 1948) that this device can be used for catching 
prey was verified repeatedly in our own animals 

Of the four small whipscorpions that were tested (all were of a size about equal 
to that of the predators), three repelled their assailants successfully, but the fourth 
was eaten. All were promptly pounced upon, and in each case a discharge was 
produced. When repelled, the solpugid would dart backwards instantly, and then 
remain a few inches away, its body moving back and forth in a peculiar oscillatory 
movement, observed also in individuals that were stimulated mechanically by 


prodding or poking. In a matter of seconds they appeared again fully normal and 


*Ir these paper EISNER refer t thi dragging behaviour as e1zure in the belet 
represents abnormal after-effects attributable to the toxicity of the secretion. It now appear 
probable, however, that dragging ma De no 10 an a pronot i type of cleansir 


} “ 


hitherto undescribed 
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within minutes there sometimes occurred additional encounters, but always with 
similar results. ‘The single whipscorpion that was eaten also discharged, but when 
initially dropped into the cage had come to rest on its back, and when caught in this 
position (Fig. 19) might not have aimed properly, but shot its spray into the soil. 


Birds (Cyanocitta cristata (L.) and C. stelleri (Gmelin)) 


In their first encounter with a large whipscorpion both birds behaved in 
essentially the same way. The attack was not immediate, but was preceded by 
considerable hesitation, the bird jumping back and forth between cage floor and 
perch, pausing occasionally to preen, ruffle its feathers, or peck at debris. Such 
hesitation, uncommon with small prey, was frequently seen with other large 
arthropods comparable in size to the whipscorpions. When the bird finally 
attacked, it did so by approaching the whipscorpion slowly, with the head lowered, 
gently grasping one of its legs with the bill. ‘The response was immediate and 
spectacular. Obviously hit by a directed spray, the bird jumped back and hopped 
around aimlessly, shaking its head intermittently and with such vigour that it 
occasionally lost its footing and fell awkwardly to the side. After a few seconds it 
returned to the perch, but continued to show occasional head-shaking and very 
pronounced intermittent ruffling of plumage. The nictitating membrane was seen 
to be drawn back and forth over the surface of each eye in a very rapid and at first 
almost continuous wiping motion that lasted for several minutes. During the next 
hour the whipscorpions were left in the cages, but neither of the two birds made 
additional attacks, nor did they come down from their perch when their customary 
insect food was offered (Tenebrio molitor larvae and Periplaneta americana). 
Only after the whipscorpions were removed could they be enticed to eat. The 
next day whipscorpions were again offered, but although the birds eyed them almost 
continuously from their perch, they would not come down. 

\ final test was made 20 days later. C. cristata attacked (after some initial 
hesitation) and was repelled as before. C. stelleri, on the other hand, still made no 
attempt to approach. 


Lizards (Anolis sagrei (Cocteau) and A. carolinensis (Voigt)) 


Two full-grown lizards were used, one of each species. ‘The whipscorpions 
offered were small, roughly equal in body length to the lizard’s head. 


he attacks took place promptly, the lizards seizing the whipscorpions in their 


jaws, taking them from above by the prosoma, and holding them crosswise in the 
jaws. A. carolinensis was repelled instantly, dropped its prey, dashed back, and 
then for about a minute proceeded to wipe one side of its head against the floor of 
the cage, back and forth, with its jaws occasionally held agape. The eye of the 
corresponding side remained closed for another several minutes, but otherwise 
the lizard seemed by now fully recovered. Evidently, only one side of the head was 
sprayed. From the way the whipscorpion was seized, with its rear sticking out 
from between the jaws on that same side, this was to be expected. 

Inolis sagret behaved in much the same way. It, too, wiped one side of its 


head, and held the corresponding eye closed, but instead of dropping the 
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whipscorpion instantly, continued to hold it for a few seconds while wiping. When 
the whipscorpion was finally dropped, it was fatally injured and had its 
prosoma completely crushed. ‘This was not the case with the individual 
seized by A. carolinensis, which received only a small cut at the side of the 
opisthosoma, and when examined several days later had apparently recovered and 
was taking food. 

Additional tests were made with A. sagrei only. On the next day, a small 
whipscorpion was again offered, together with a larva of Tenebrio molitor and one of 
Blattella germanica. When checked a few hours later only the whipscorpion 
remained, uninjured and presumably ignored. This was repeated three times on 
consecutive days with the same results. 


Grasshopper mice (Onychomys torridus (Coues)) 

Each of the three adult mice that were tested (a few days after their capture) was 
given a full-grown whipscorpion not much smaller than the mouse itself. The 
results of the first encounters were the same in all three cases. 

The moment the whipscorpion was introduced, the mouse pounced upon it, 
but on contact was instantly repelled by a discharge. It jumped back and scurried 
about frantically, pausing occasionally to ‘paw’ its muzzle with the front feet, or 
to dig and bury itself into the sand (Fig. 20), ploughing along and leaving a deep 
trench. When the reaction subsided, after about 30 sec, the mouse always attempted 
to attack again, only to be repelled by another discharge. After the fourth or 
fifth attack it finally desisted, settling in a corner, with its eyes closed and fur 
ruffled, breathing deeply and quickly. The odour of acid in the cage was intense 
The whipscorpion was unharmed. 

On the next day, two of the mice were again offered one whipscorpion each, 
but this time in a more adequately ventilated cage. The first several attacks were 
all thwarted as before, but finally, on the eighth attempt by one mouse, and the 
eleventh by the other, the whipscorpion was captured, its secretion by now 
presumably having been exhausted, and within a short time was killed and almost 
completely eaten. There only remained several appendages and the posterior 
ventral portion of the opisthosoma with the glands 

Grasshopper mice are known to be extremely aggressive carnivores, and the 
persistence with which they chased the whipscorpions was not surprising. A 
similar pursuit-behaviour has been reported for these mice while catching other 


arthropods with defensive secretions (EGoscur, 1960) 
Irmadillo (Dasypus novemcinctus (L.)) 


\ single test was made, involving a tame captive armadillo and a mature 


whipscorpion. The chase began almost immediately, but stopped as soon as 


the whipscorpion was touched by the armadillo’s snout. A discharge was obviously 


produced, the armadillo backing up suddenly and jerkily, rubbing its snout against 
the floor and puffing audibly Che odour of acetic acid was intens¢ After 
a few minutes the armadillo seemed fully recovered; the whipscorpion was 


uninjured 
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Cannibalism 

When a whipscorpion discharges, some of the secretion invariably is sprayed 
against its own body, but no matter how extensive this incidental dousing may be, 
it never seems to cause noticeable ill-effects. One would therefore expect whipscor- 
pions to be rather vulnerable to cannibalistic attack. Whether they do in fact 
commonly eat one another in nature remains to be seen. ‘They certainly do so in 
captivity, and our original stock became reduced sharply when at first we confined 
them in groups rather than singly. Unfortunately, none of the cannibalistic 
encounters were ever observed directly, so that it is not even certain whether 
under these circumstances the contenders use their spray 
Is the spray used in offence ? 

We have observed numerous instances of captive whipscorpions pursuing, 
catching, and eating adult Periplaneta americana. In no case was any odour of 
acetic acid apparent in the cages during this kind of activity. It would appear 
doubtful, therefore, that the spray is used under any circumstances other than 
def nce 


V. THE ROLE OF CAPRYLIC ACID 

[he principal active component of the secretion is obviously the acetic acid 
It is the predominant constituent, and in itself would appear to be of sufficient 
toxicity to account for the repellency of the mixture as a whole. One cannot, 
however, merely disregard the caprylic acid. By virtue of its longer chain length, 
it has a much greater affinity for lipids than does acetic, and its presence in the 
secretion might conceivably contribute in an important way toward an alteration of 
the surface activity of the mixture. This possibility appeared worth while investigat- 
ing, particularly with respect to the effect of the spray on arthropod predators. ‘The 
epicuticle of terrestrial arthropods as a rule is distinctly lipophilic (being heavily 
laden with waxes and lipoproteins), and it was felt that the caprylic acid might well 
serve as a wetting agent, promoting the spread of the spray droplets and increasing 
their effective area of contact. An additional possibility was that the caprylic acid 


night have a direct disrupting effect on the epicuticle, and that in so doing it 


could contribute in a crucial way toward increasing the permeability of a barrier 


that might otherwise hinder th« passage of a small hydrophilic, wax-insoluble 
ule such as acetic acid 
One might argue that none of these possibilities is really very plausible in view 
the seemingly negligible concentration of caprylic acid. It should be realized, 
ver, that the concentration of caprylic acid is likely to rise sharply from the 
very moment the secretion is discharged and exposed to air. Acetic acid has a 
vapour pressure considerably greater than that of caprylic,* and its loss by 
evaporation must therefore be disproportionately high. In view of the fine state of 
dispersion in which the secretion is ejected, the dissipation of acetic acid and rise 


in caprylic acid should occur quite rapidly, and it would seem likely that by the 


The ir pr sre of acetic 15-54 mm at 72 ‘ rt. 193 Nhat of caprvli« 
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time the droplets hit the target, their caprylic acid content might already be 


level substantially in excess of the 5 per cent that prevails within the gland 


The remainder of this paper deals with an experimental evaluation of the role 
of caprylic acid, approached from the point of view of the preceding considerations 


\. Caprylic Acid as a Wetting Agent 


In preliminary tests it became clear that caprylic and acetic acid differ markedly 
in their affinity for arthropod cuticle. When a droplet of acetic is applied, it fails to 
spread and retains a globular shape; caprylic, on the other hand, spreads instantly 
on contact. Mixtures of the two acids also spread, but onset of spreading is not 
necessarily instantaneous, being considerably delaved at the lower concentrations 
of caprylic. This phenomenon was investigated in some detail 

\ total of six 
mixtures (Table 1) 


solutions was tested, representing a graded seri 
Henceforth they will be referred to frequently 
form (e.g. Mz, mixture | 


witl caprylic acid It should 


contain water Sarre 
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\ series of droplets of different volume, all of the same composition as the 
secretion (mixture M,), ranging in volume from 0-01 to 0-23 ul, were delivered 
with a fine micropipette directly onto isolated abdominal tergites of B. giganteus, 


and onset of spreading clocked as before 











irthropod cuticle, plotted as a function of 
acetic acid /caprylic acid samples listed in 
ternites and tergites of Blaberus giganteus 


mixtures (0-23 yl) 
j 


The results (Fig. 4) clearly show that below a volume of about 0-03 yl, all 
droplets begin to spread instantly on contact. By reference to Fig. 2, it will be 
seen that the droplets of the spray are without exception smaller than 0-03 ul, and 
actually average well below that. Under natural conditions it is therefore clear that 


spreading must occur the very moment the spray droplets hit their target 


B. Caprylic Acid as a Penetration-promoting Agent 


lhree types of experiments were designed to test whether the permeability 
of arthropod cuticle to the secretion is appreciably increased as a result of the 
presence of caprylic acid. The first type was a straightforward analysis of the 
permeability of isolated pieces of cuticle to acetic/caprylic mixtures of various 


proportions. ‘lhe other two were more indirect in their approach, and consisted of 


a study of the effect on live insects of acetic/caprylic mixtures applied directly to 
their intact body wall. 





ARTHRO! 


Permeability of tsolated cuticle 


When a piece of thir 
impregnated with an appropria 


on the surtace of the cuticl ind their penet ton « 





irthropo« l ] oO 1 as a furs 
that of the Mpositi« yf the secreti 


al sternite a 4) of Blaberu ! 


the underlying gel. This technique provided a crude but adequate means of 
comparing the penetration rates of acetic acid and of acetic caprylic mixtures 


(Pure caprylic acid could not validly be included for comparison by this technique, 


because of its disproportionately low rate of diffusion through the gelatin, as a 


result of which the first visible sign of an indicator change could be misleadingly 


delaye d } 


The solutions tested were those of ‘Table 1, with the exception of MI 
cuticle-gelatin preparations were made on glass microscope slides 
aqueous gelatin, turned alkaline with a trace of KOH and stained leep bl re wit! 


bromcresol green, was poured in a layer about 1 mm thick onto the slides, and then allowed 


warm 20 


to gel by cooling. On each slide a piece of cuticle was mounted, simply by pressing it gently 
I 


to the surface of the gelatin 
! 


The cuticles tested were the terval and sternal inters¢ ymental membranes 


abdomen of Blaberus giganteus (L.), and the tergal intersegmental membranes of 
i exclusively, simply 


abdomen of Rhodnius prolixus Stal. Adult males of both were used 
because of greater availability 


With Blaberus, the entire dorsal and ventral abdominal wall was cut lengthwise 
fully stretched with the 


into 


strips about 5 mm wide, and each strip mounted on a gelatin-slide 
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intersegmental membranes exposed. Droplets of acid were applied directly to the inter- 
segmental membranes with fine brushes. The membranes are transparent, and colour 
changes of the gel beneath are clearly detectable by transmitted illumination. Each 
intersegmental membrane consists of two bands, separated by a transverse line along which 
the membrane is ordinarily folded in the intact animal. ‘ihe two bands differ somewhat in 
permeability, but consistent use was made of only one of them, the posterior one, 
which is the more permeable. No less than twenty drops per sample were tested, on 


mbranes from five roaches . 


ABLE 1 COMPOSITION OF THE VARIOUS SAMPLES TESTED 


( omposition 


Caprylic 


With Rhodnius, the dorsal abdominal shield was mounted whole, but the only areas 

d were the second, third, and fourth intersegmental membranes (Fig. 21; X, Y, Z). 
uticle of a membrane is thin and relatively permeable, and forms a narrow trough that 

lily takes up fluid by capillarity when it is touched with a brush soaked in the sample 
On each preparation three mixtures could therefore be tested, one to each membrane. The 
reason for using only the middle three membranes, and not the first and last, was that the 
latter were found to differ somewhat in permeability from the others. A special effort was 
made to vary the order in which the three membranes were used for the various solutions 


Each sample was tested on at least thirty membranes 

The results were as follows: 
Blaberus. The principal finding was that all those mixtures which contained some 
caprylic acid (M,, M 
none (M,). 

With M,,, penetration was virtually instantaneous: the droplets spread on 


M,;) invariably penetrated faster than did the one containing 


10” 


contact as expected, and almost immediately (within less than a second) the 
indicator changed to a bright yellow, most intense under the centre of the area of 
spread where the drop was originally placed (Figs. 22A, 22B). With M,; and My 


penetration was not quite as rapid: the first noticeable colour change did not occur 


until about the time the droplets first began to spread, and usually appeared at the 
margin of the drop, as a more or less complete, bright-yellow ring. Eventually, as 
spreading proceeded to completion, the colour change extended with the droplet, 
remaining brightest in the region of the original ring (Figs. 22A, 22B). 

The mixture containing acetic acid alone (M,) in many cases did not penetrate 
at all, and the droplet evaporated away before the slightest change in indicator 
had taken place. Only after repeated reapplication would the first signs of 
penetration finally occur. 
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Rhodmus. ‘The results were essentially the same: permeability was always higher 
to the mixtures containing caprylic acid than to the one containing acetic acid 
alone. On the whole, however, the Rhodnius membrane was much less permeable 
than its counterpart in Blaberus, and even the most rapidly penetrating mixtures 


required several minutes for the first noticeable indicator change to appear. 


These results, which are particularly enlightening with Blaberus, show clearly 
that caprylic acid exerts a strong promoting effect on the penetration of the 
mixture as a whole Although a concentration of 5 is relatively imeffectiv: 


as such, a more effective higher concentration is reached eventually (first, of course, 


at the margin of the drop) as the mixture is exposed to air and loses acetic acid by 


evaporation. What exactly constitutes a minimal effective level of caprylic acid 


cannot, of course, be estimated precisely on the basis of these experiments, but 
there is actually no reason why this minimal level should be the same for arthropod 
cuticles of different types. With Blaberus, however, the fact that onset of penetratior 
is roughly coincident with onset of spreading would suggest (by inference from 
Section V. A) that the effective level lies somewhere between 10 and 20 

As demonstrated previously, in droplets of the dimension of those of the spray, 
this level must be achieved virtually instantaneously on exposure to air, and hence 


must already prevail within the droplets when they hit the cuticle of the predator 


There were some incidental observations worth mentioning. With Blaberus intersegmental 
membrane it was noticed that the cuticle was occasionally highly permeab! ally. Wher 
for instance, a droplet of acetic acid (M,) was applied, tl sometimes appeared on 
more tiny spots of varying outline, distributed irregularly throughout 
of the droplet, and turning yellow virtually instantly on application. Sir 
localized penetration occurred at times with the mixtures of low caprylic acid 


(M;, Myo), the yellow spots making their appearance well before the droplet began 


spre ad and penetration became generalized. Occasionally the spots wo ild even deve lop ata 


distance from the actual area of contact of the droplet, indicating penetration of 


diffusing vapours. If, indeed, the principal barrier that resists penetration of acetic acid 


the 


the epicuticle, then this occasional high permeability could be the result of local imperfection 


test 


in the epicuticle, attributable perhaps to normal or experimental abrasive damage. T: 
for this, the epicuticl of several intersegmental membran« was pretreated witl 
chloroform (applied persistently for several minutes with a brush) or was abraded 
10u-Corundum powder (gently rubbed over the cuticle surface with a pin-head 
these procedures can be expected to disrupt the epi iticle Droplets of acetic acid 
applied to areas pretreated in this wa‘ penetr ited within less than a second after co 
just as rapidly as did mixture M, Abrasion with Corundum also markedly facili 
penetration through such thick cuticles as those of Blaberus sternites or tergites. Ordinarily 
on an intact sclerite of this sort, the first signs of acetic acid penetration took one to severa 
minutes to appear; after abrasion, however, an indicator change was often detected withir 
less than 30 sec. It is evident from these observations that, except for the outermost layer 
the cuticle is quite readily permeable to acetic acid, even in the complete absence of capry 
acid. This lends considerable support to the idea, already advanced above, that caprylic a« 
exerts its penetration-promoting effect by acting primarily, if not exclusively, on the epicuticle 
A final point might be emphasized, lest there remain some doubts about the validity of 
the conclusions. It might be argued that in no case had there really been a penetration of thx 


mixture as a whole, the indicator change having been due solely to a differential penetratior 


of caprylic acid. This is unlikely, however. As already mentioned, caprylic acid by itself 
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diffuses through gelatin at a very slow rate, and an instantaneous indicator change, such as 
occurred when M,, was applied to the membranes of Blaberus, could not possibly have been 
due to an exclusive penetration of caprylic acid. Tests were run, in fact, comparing the 
penetration of pure caprylic acid with that of M,,;, and invariably was M,, the first to 
penetrate Moreover, with caprylic acid alone, the indicator changed to an intermediate 


vellowish-green, rather than to the intense yellow induced by any of the mixtures containing 


Scratch reflex of cockroach 

In cockroaches, as in several other insects that we have tested, contact by an 
appropriate chemical irritant induces grooming behaviour. ‘This behaviour can be 
studied best in decapitated specimens, which show almost no spontaneous activity, 
but are still capable of reflex response (E1sNer, 1961b). If, for instance, a droplet 


of an acid sample is placed on the abdomen, the roach responds by scratching with 


a metathoracic leg. The onset of response can be timed, and its delay may be taken 
as a measure of the irritant-effectiveness of the sample. By way of this technique a 
comparison was made of the effectiveness of acetic acid, caprylic acid, and of 
mixtures of the two. 

‘The mixtures were those of Table 1 except for Mao 

Adult female Periplaneta americana were used exclusively. Their heads were ligated, 
and then severed anterior to the ligation, thereby preventing contamination of the haemocoel 
by gut contents. The tests were made 8-12 hr after decapitation. Each roach was placed 
ventral side up, and a droplet of sample applied with a fine brush to the sixth abdominal 
sternite on one side of the midline. The response was a vigorous scratching with the tibia 
of the metathoracic leg of the corresponding side. Onset of scratching was timed with a 
stopwatch. Each roach was tested only once. The numbers tested per sample varied from 
twenty-two to twenty-five 

The results (Fig. 5) show clearly that a rise in caprylic acid hastens the onset of 
the response. In view of the demonstrated penetration-promoting effect of 
caprylic acid, this was to be expected. It should be noted, however, that an 
increased rate of penetration was not necessarily the only factor responsible for the 
greater effectiveness of the caprylic acid-containing samples. ‘The presence of 
caprylic acid also had the effect of causing the droplets to spread, so that their 
increased effectiveness could in part have been due to their acting over broader 
surfaces of contact. Obviously, one cannot estimate by this technique the extent 
to which each of these factors, spreading and penetration, contributed to the 
effect as a whole. But this limitation should not detract from the value of the 
technique, since under natural conditions, involving the actual droplets of spray, 
the same combination of factors is likely to be at play. 

\n important finding was that pure caprylic acid (Mj ,), even in the complete 
absence of acetic acid, can act as an effective irritant capable of inducing a relatively 
prompt response. ‘The implications of this finding will be stressed in the Discussion. 

Attention should be called to the disproportionately greater variability in the 
onset of response at the lower concentration of caprylic acid. Variability was 
greatest with acetic acid alone (Mg), the response ranging from instantaneous to 
none at all until evaporation of the droplet. In the light of the previous findings 
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on roach cuticle permeability, this variability could be taken to reflect a lack of 
uniformity of the epicuticle, resulting perhaps from a greater or lesser degree of 
normal abrasive damage. That abrasion does, in fact, markedly increase sensitiv ity 


Periplaneta 
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Fic. 5. Sensitivity of Periplaneta americana to various acid mixtures applied topically as 


single droplets to their sixth abdominal sternite. Sensitivity is expressed as the delay to 


onset of the scratch-reflex induced. The acid mixtures are those of Table 1 
of a roach to acetic acid was dramatically evidenced by the following test. Four 
roaches were treated by abrading a small area of one half of the fifth abdominal 
sternite (using 10 «.-Corundum powder, applied by gently rubbing with a pin-head), 
while leaving the other half of the sternite intact. Droplets of My, were then 
applied, first on one half of the sternite, and then, after 1 hr, to the other half, 
timing in each case the onset of the scratch response. With the non-abraded 
surfaces the timings were: 18 sec, 1 min, 32 sec, 1 min 52 sec, and no response. 
With the abraded counterparts, the results were: instantaneous response, 1 sec, 
instantaneous response, and 5 sec. 

An additional observation should be mentioned. In order to test for the 
irritant-effectiveness of acetic acid in vapour form, a series of intact female 


Periplaneta americana were released into a closed observation cage laden with vapour. 


They immediately began intensive grooming activities, involving primarily the 
antennae, and to a lesser extent the tarsi, both of which organs were systematically 
and persistently cleansed by the mouthparts in typical fashion. There occurred 
also an occasional scratching of the cerci with the metathoracic legs. Evidently, 
certain regions of the body, of which the antennae, tarsi, and cerci may be the 
most obvious examples, show disproportionately and consistently high sensitivity 
to acetic acid, even in the complete absence of caprylic acid. The implications of 
this finding, as they concern the action of the whipscorpion spray, are left for 
the Discussion. 
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3. Immersion of fly larvae 


Additional information on the relative effectiveness of the various acid samples 


was obtained by comparing the time to inactivation of fly larvae immersed in the 


samples (all those of Table 1, except M9). Experiments of this kind have in the 
past provided useful information on cuticle permeability (RicHaRDs, 1951). 


Phoenicia sericat 





Sensitivity of mature larvae of Phaenicia sericata to acid samples into which they 
Sensitivity is expressed as duration of activity following immersion. The 


ire those of ‘Table 1 


The larvae (Pheanicia sericata (Meigen)) were of roughly comparable age, being 
collected in the last instar, within the first 12 hr after leaving the feeding dish in search of a 
pupation site. They were immersed in Petri dishes in groups of five or less, and inactivation 
timed with a stopwatch. The criterion for inactivation was a cessation of wiggling, and 
failure to respond to poking with a blunt probe 

The results, shown in Fig. 6, are in good agreement with the preceding ones on 
the cockroach scratch reflex. One should mention, however, that the two sets of 
data are, strictly speaking, not quite comparable. Whereas with the roaches the 
increased effectiveness of the caprylic acid-containing samples must have been due 
to both greater rate of penetration and greater surface of contact, with the flies only 
an increased rate of penetration is likely to have been involved, since the area of 
contact (the body surface as a whole) remained the same from sample to sample 
Also, whereas with the flies the medium remained constant throughout the duration 
of a test, the droplets placed on the roaches gradually increased in caprylic acid 
content due to differential evaporation of acetic acid. It is therefore not surprising 
that the mixtures of low caprylic acid content (M,; and M, 9) should have shown a 
more pronounced effectiveness relative to acetic acid alone (My) in the tests with 
roaches than in those with flies. 

More important than these relatively minor differences is of course the 
remarkable overall agreement of the two sets of results. Considering the wide 
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phylogenetic gap between the Blattaria and Diptera, this agreement lends consider- 
able support to the belief that the promoting « tfect of caprylic acid is of wide spread 


rather than of limited significance 


VI. DISCUSSION 


here remains no doubt that the spray of the whipscorpion ts a defensive device 
of extraordinary effectiveness. Its principal constituent, acetic acid, has of course 
long been recognized as a powerful irritant, and it 1s therefore not at all surprising 
that the spray should have proven to be a strong deterrent to predator attack 
Noteworthy in increasing the effectiveness of the spray are two coadaptations 
he first of these is the ability of the animal to aim its spray, and the second is the 
presence in the secretion of an agent, caprylic acid, that promotes spreading and 
penetration 
The ability to aim 

Offhand one might be inclined to think of aiming as being of importance 
only in the use of the spray against smaller predators, mainly arthropods, which 
might be missed if the discharge were not properly directed. It is important to 
bear in mind, however, that larger predators, such as vertebrates, usually approach 
their victims head-first, and when they attack are therefore likely to bear the full 
impact of an aimed discharge where they are most vulnerable—in the exposed 
surfaces of mouth, nose, and especially the eyes. The immediate effect of the 
spray on the head of vertebrates was in fact quite dramatically apparent in thos« 
few encounters witnessed, involving birds, lizards, mice, and, for that matter 
ourselves 

In their ability to aim, whipscorpions are by no means unique. In fact, from th 
few studies that have been made, it appears that aiming may well be the rul 
rather than the exception in arthropods that eject a spray. Bombardier beetles, 
some cockroaches (EISNER, 1958a, b; EISNER ef a/., 1959), as well as an array of 
other insects, including certain earwigs, grasshoppers, walking sticks, notodontid 
caterpillars, tenebrionid beetles, pentatomid and coreid Hemiptera (E1sNer, 1961a 
and unpublished), all can control to some extent the direction in which a discharg« 
is produced; few, however, are as accurate in their marksmanship as are 
whipscorpions. 
The caprylic acid 

he special role that caprylic acid plays in increasing the deterrent power of th 
spray seems clearly established, certainly as regards use of the weapon against 


arthropods. Without caprylic acid, the spray droplets on impact with an enemy's 


cuticle would neither spread nor would they tend to penetrate as readily and as 


generally 

Of course, the acetic acid itself, even in the complete absence of caprylic acid, 
must have considerable deterrent potential of its own. If, as seems likely, most 
arthropods have at least some regions which are highly sensitive to acetic acid 


(such as the antennae, tarsi, and cerci of cockroaches), then the vapours that 
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envelop a whipscorpion after a discharge might be expected to have an important 
repellent effect on potential new aggressors, and particularly in cramped situations 
where the vapours are likely to dissipate slowly, and where the whipscorpion, 
unable to escape, remains confined with the vapours. In the experiments with 
Pogonomyrmex, it will be recalled, the deterrent effect of the vapours was clearly 
evident, the swarm of ants being maintained at a conspicuous distance after each 
discharge, and temporarily prevented from closing in. ‘These findings should in 
no way minimize the importance of caprylic acid, the principal role of which is to 
improve the effectiveness of the secretion on impact. 

One wonders whether caprylic acid might not have some additional functional 
attributes. It is possible, for instance, that it may have special toxicological 
properties of its own, as a result of which the overall systemic effectiveness of the 
mixture might be increased. It would be beyond the scope of this paper to speculate 
on the different possible modes of action of acetic and caprylic acid; the data, at 
any rate, offer little in the way of a foundation on which to base such speculation. 
One thing appears reasonably certain, however: caprylic acid could by itself act as 
an irritant to arthropods. This became clear in the elicitation of scratch reflexes in 
roaches, and again in the fly-immersion tests: whenever caprylic acid was used 
alone, it proved to be one of the most promptly effective samples tested. One can 
easily conceive of natural circumstances under which this irritant property of 
caprylic acid may have important implications. After a discharge, residual caprylic 
acid invariably persists for several minutes on any part of the whipscorpion that 
receives an incidental dousing by the spray. This residue always outlasts the 
rapidly dissipating acetic acid, and could obviously act as a repellent, if not over 
longer distances in the manner of acetic acid, then certainly on contact. ‘The 
experiments with Formica actually bore this out. It will be recalled that all those 
regions of the whipscorpion that remained visibly wet with caprylic acid after a 
discharge were virtually invulnerable to further attack, being consistently avoided 
by the ants. In cases involving predators such as ants, which often attack in swarms 
rather than singly (an obvious example being army ants), the deterrent effect of 
residual caprylic acid is likely to be quite important, since it reduces the chances of a 


whipscorpion finding itself continuously subjected to new assaults, and forced to 


deplete its secretory supply in a rapid sequence of discharges. 


Fic. 9. Ventral view of mature whipscorpion with posterior sternites of opisthosoma 


lissected away to expose the two s: i glands. Glands have been stained lightly with 


Chlorazol Black I 


Fic. 10. Cuticular framework of the postabdominal knob, showing the two terminal ducts 
of the glands. KOH-treated preparation stained with Chlorazol Black E; rectum has been 


dissected away 

Fic. 11. The postabdominal knob: the revolvable emplacement bearing the two slit- 
like gland openings (arrows) 

Fics. 12-15. A sequence of four aimed discharges, elicited by pinching different in- 


dividual appendages with forceps as shown. The pattern of the spray is produced on 
alkaline phenolphthalein-impregnated filter paper 
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Another possibility that cannot be dismissed is that caprylic acid may in some 
way affect the action of the spray against vertebrates. A penetration-promoting 
role, involving perhaps the more impervious types of vertebrate integument, is 
certainly conceivable. But on such primary targets as the eyes, or on all such other 
moist and permeable regions as are likely to be highly sensitive to acetic acid alone, 
the added presence of caprylic acid is probably of no consequence. Of course, 
through its persistence as a residue on the body of the predator, caprylic acid may 
well act to prolong the after-effects of a discharge (say by intensifying the predator’s 
cleansing activities) and in so doing could contribute in an important way towards 
delaying the resumption of attack. This could apply, of course, to invertebrates as 
well as to vertebrates. ‘These possibilities remain largely speculative, however 

There is one interesting question that unfortunately must remain unanswered 
for lack of data: what are the reasons for the whipscorpion’s apparent insensitivity 
to its own spray? Perhaps tolerance to the acids is due simply to a relatively 
impermeable integument. Evidently, tests should have been made on the permea- 
bility of the body wall (and, for that matter, of the cuticular lining of the glands) 
using cuticle-gelatin preparations, but by the time these techniques were developed, 
live whipscorpions were no longer available to us 

In addition to whipscorpions, a variety of other arthropods are known or 
presumed to discharge secretions consisting of short-chain fatty acids Although 
acetic acid as such has never been implicated, a number of insects have been 
reported to secrete formic acid, a molecule which, by virtue of its hydrophili 
properties, is likely to be subject to the same limitations in its action against 


arthropods as the acetic acid of whipscorpions would be in the absence of caprylic 


At 22B, taker 


penetra 
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acid. We are currently studying the formic acid-containing secretions of the ant 
Camponotus pennsylvanicus (DeGeer), and that of the notodontid caterpillar Schizura 
leptinoides (Grote), to determine whether caprylic acid or comparable additives 
might not be present. Schizura, which secretes 20°, aqueous formic acid, 
apparently has no such additives. Camponotus, on the other hand, the secretion 
of which is roughly 50 aqueous formic acid, does contain some lesser 
components, as had been reported previously for other formicine ants by STUMPER 
(1960). Although the chemistry of these additives has as yet not been settled, 


suffice it to say at this time that they have definitely been shown to serve in at 


least one of the functions that caprylic acid has in the secretion of the whipscorpion, 
viz., to promote spreading of spray droplets on arthropod cuticle. Spreading is not 
as pronounced as in the case of the whipscorpion spray, but the droplets of the 
ant do nevertheless quite clearly assume a greater contact surface than do control 
droplets of the same volume made up to contain only formic acid and water. 

The entire question of lesser components and their possible effects should not 
be neglected in future studies on arthropod secretions, particularly since such 
components, as this study has shown, may have important and interesting functions 
Identification of those obvious components that account for the odour of a secretion 
is not enough. For instance, benzoquinone and its derivatives have recently been 
identified in a wide variety of insects and other arthropods (for a review of the 
subject see PAvAN, 1959), and although there is good physical evidence that in addi- 
tion to quinones the secretions must also contain some other components (the 
secretion is often a two-phase system), these components are almost always totally 


negle ct d 


Whipscorpions and their enemies 


\s is the case with so many arthropods other than insects, our knowledge of the 
natural history of the Thelyphonidae is relatively meagre. We know that they are 
an ancient group, and that they have survived since the Carboniferous in essentially 
unmodified form. ‘They are widely distributed through much of the tropics, and 
extend also into parts of the northern subtropics. ‘They live in moist cryptic 
environments, under logs, rocks, bark, or in leaf litter (WERNER, 1935). ‘They shun 
light (PATTEN, 1917) and remain in hiding during the daytime; they are active 
mostly at night, at which time they leave their shelter and forage for food (WERNER, 
1935). ‘Their diet, so far as can be inferred from their habits in captivity, is 
exclusively carnivorous, and consists largely of live insects and other arthropods 
(WERNER, 1935). They are powerful predators, and caged specimens have been 
seen to capture and eat small amphibia (Ewinc, 1928). Whipscorpions constitute 
a rather uniform group, and Mastigoproctus giganteus is probably in no major way 
exc ptional 

In the warm and moist environments in which they live, whipscorpions are 
likely to be exposed to a truly formidable array of predators—not just while they are 
actively foraging about, but also while they remain confined to their shelter. Ants 
alone, by the sheer weight of their numbers in a tropical environment, must be a 
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constant hazard. But the same must be true to a great extent for many other kinds 
of insects and arthropods, as well as for many amphibia, reptiles, and mammals. 
Birds are probably of lesser significance. 

Most of the species of predators tested by us are probably not important 
natural enemies of M. giganteus. Actually only the solpugids and the armadillo 
are likely candidates. ‘The others are either from entirely different areas, or if from 
the same general region, are of such habits or ecology as to make encounters with 
whipscorpions highly improbable. ‘This limitation should not detract, however, 
from the more basic finding that the spray proved to be of very general effectiveness 
against the rather broad array of representative types of predators tested. The only 
important group of potential natural enemies that is conspicuously absent from our 
list of predators is the Amphibia. But the spray must obviously be strongly 
effective even against them. One need only recall that the classical procedure of 
demonstrating spinal reflexes makes use of a frog, and that the irritant of choice 
used to elicit the reflexes is usually none other than acetic acid 

\ final point of interest concerns the early life history of whipscorpions. 
When whipscorpions (7helyphonus caudatus) first emerge from the egg, their 
glands are incompletely developed (ScHIMKEwITscH, 1906) and presumably 
non-functional. Interestingly, the young at this stage do not lead a free life, but 
remain clinging to the back of the mother (StruBELL, 1926). They stay with her 
until the second moult, at which time they metamorphose, assume the appearance 
of miniature adults, and leave the parent (STRUBELL, 1926). By this time their 
glands are fully developed (ScHiMKewitTscu, 1906). ‘To what extent these develop- 
mental peculiarities apply to whipscorpions in general, and to Mastigoproctus in 
particular, is not known 
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A STUDY OF NITROGEN EXCRETION IN INSECTS 


NATION*® and R. L. PATTON 


Abstract—A 
tu Da 


INTRODUCTION 


ALTHOUGH most insects are uricotelic, a fev 1a\ n shown to be predomi | 


ammoniotelic (Brown, 1936, 1938: STADDON 55), and even ut 
urea, allantoin, and ammonia (se« PaTTON, 1953 
peculiar to only one or two 
{ Rhodnius prolixus Stal. (W1IGGLESWORTH 

hypoxanthine in excreta of a mutant of Drosophila melanogaster Meig. (Mit: 
and GLASSMAN, 1959), hypoxanthine and xanthine in excreta of Melophagus 
(L.) (NeLson, 1958), and allantoic acid 
1954) 


Using the very powerful analytical tool paper partition chromat: 


excrete some reviews by 


1960). Nitrogenous compounds 
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insects have 
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purines which might be present in several 
logical types, food habits, and habitat selection 
mellonella (L.), for particular emphasis because it has become 
irthern 


mental animal in this laboratory as well as in many others. Fu 


(1952) had shown that althougl 
amounts of urea and ammonia, about 20 per cent of the alkali sol 


Galleria excretes mainly uri« 


excreted in an unknown forn 


VA'TERIALS AND METHODS 
wax moth, Galleria mellonella (1 were reared 


Initially colonies of the 
in later experiments colonies 


diet of Pablum mixed with honey and glycerol 
reared on HAypak’s food mixture (1936), or broodcomb. Excreta 
from colonies by screening out larger food particles and removing 
particles with a gentle stream of air. Faecal pellets of a crick 
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(L.), and the American cockroach, Periplaneta americana (L.), reared on chick 
mash and the yellow mealworm, Tenebrio mollitor (L.) reared on wheat middlings 
were obtained in a similar manner. Excreta of the milkweed bug, Oncopeltus 
fasciatus (Dallas), is fluid and dries to a sticky consistency on watering jars in 
laboratory rearing cages; scrapings of these jars were used as excreta of this 
insect. Oncopeltus colonies were maintained on milkweed seeds and water. 
Excretory pellets from larvae of the tent caterpillar, Malacosoma americana (F.), 
were collected from webs of wild populations. 

One-dimensional descending and ascending chromatography was used to 
separate nitrogenous compounds. Solvent systems found most useful were 
ethanol—acetic acid—water (85 : 5 : 10), isopropanol—water (10 : 3), and butanol 


methanol—benzene—water (2 : 


1: 1). Whatman No. 1 paper was used for all 
chromatograms 

Samples were prepared by grinding faecal pellets in a mortar with 0-067 M 
phosphate buffer pH 12, prepared as directed by McF arren (1951). The resulting 
suspension was centrifuged and aliquots of the supernatant taken for chromato- 
graphic analysis. Chromatograms were air dried and sprayed with the mercury 
diphenylcarbazone reagent of DiksTeIn et al. (1956) to reveal the purines and 
pyrimidines ; these compounds could be detected also by viewing the chromatogram 
under ultraviolet light. Urea was detected by spraying chromatograms with a 
dimethylaminobenzaldehyde reagent (BLOcK et al., 1958). Allantoin was revealed 
by the mercury-diphenylcarbazone reagent. 

Identification was made by comparison of R, values of known compounds and 
comparison, where applicable, of ultraviolet spectra. Spectral analysis was done 
on filtered extracts of zones or areas cut from chromatograms and eluted with 
0-067 M phosphate buffer, pH 12. Filter papers receiving no samples were run 
in the solvent, extracted in the same manner, and used as blanks. All spectra were 
determined on a Beckman DI spectrophotometer. 

For quantitative determination of uric acid in Galleria excreta, 0-1 g excreta 
was extracted until a final volume of 5-0 ml was obtained. This was shown to be 
adequate to extract all the uric acid by chromatographing a final extract. Complete- 
ness of extraction was checked before each determination. Aliquots of the 5 ml 
extract were chromatographed, eluted with 0-067 M phosphate buffer, pH 12, and 
uric acid quantitatively determined. Hypoxanthine was assayed similarly ; however, 
it was necessary to use 0-5 g excreta and the final volume of extract was held to 
3-0 ml 

(Quantitative estimation of uric acid and hypoxanthine was made by taking 
advantage of the property of these compounds to absorb ultraviolet light. 
Extinction values for uric acid were read on a DU spectrophotometer at the 


wavelength of maximum absorption, 295 my, and at a point of weak absorption, 


320 mu. The difference was taken and the value for uric acid obtained from a 
standard curve. Hypoxanthine extinction values were read at the wavelength of 
maximum absorption, 260 my, and again at 290 mp, and the difference taken. 


Reading the extinction value at a wavelength of very little absorption was suggested 
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by ViscHeR and CHarGarF (1948) to help overcome the error introduced by the 
natural absorption of ultraviolet light by filter paper extracts. Chromatography, 
elution, and estimation of known amounts of uric acid and hypoxanthine applied 
to chromatograms revealed that recovery of uric acid averaged 86-4 per cent and 


of hypoxanthine, 83-1 per cent 


RESULTS 
\. Qualitative Data 
1. Galleria mellonella (1...) larvae 


Comparison of chromatographic mobilities and ultraviolet spectra revealed the 
presence of uric acid, hypoxanthine, and an unidentified compound in excreta of 
Galleria larvae feeding on Haydak’s food mixture (‘Table 1). ‘The compounds in 


TABLE 1—COMPARISON OF SPECTROPHOTOMETRIC DATA FROM SYNTHETI( 
PURINES AND FROM COMPOUNDS FOUND IN EXCRETA OF Galleria LARVAI 


\laximun VMiinimun 


Compound absorption absorptior 


H ypoxanthine 


Xanthine 


[ rik acid 2 


Spot ] 


5 


Spot 2 Hypoxanthin 


l 
l 
] | 
l 


2 2 Unknowr 
5 


Spot 3 . \pprox 


0-1 M HCl 


Table 1 were detected also in excreta from larvae feeding on Pablum and beeswax 
with the exception that the unidentified compound was not detected in excreta 
from wax fed larvae. ZEILINSKA (1952) detected urea in excreta from Galleria 
larvae feeding on broodcomb \ weak positive reaction for urea was obtained on 
some chromatograms in the present work, but it could not be detected consistently 
Sodium chloride, identified by inorganic ion analysis and chromatographic 
mobility, was present in Galleria larval excreta, especially excreta collected from 
larvae feeding on Pablum, honey, and glycerol. 

The unidentified compound has a mobility in isopropanol—water (10 : 3) of 
approximately 0-47, its mobility being greater than that of uric acid but less than 
that of hypoxanthine. The compound was eluted from several chromatograms 
with 0-05 N NaOH and its ultraviolet absorption spectrum determined. ‘The same 
extract was acidified with HCI and the spectrum again determined. An absorption 
curve was obtained also with the compound dissolved in 0-067 M phosphate 


buffer, pH 12. These results are presented in Fig. 1. 
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Extraction of the unknown compound from chromatograms with 0-1 M 
phosphate buffer, pH 8, and incubation at room temperature in a cuvette with 
xanthine oxidase prepared from milk (BALL, 1939) produced a rapid increase in 





4h 


ound from Galleria larval excreta. Spectrophoto- 


meter Beckman Aight patl m Acidified extract, approx. pH 1; , Solvent 
0-067 M phosp! buffer. p ? olvent 0-05 N NaOH 


optical density at 300 my and a decrease at 267 mp. The wavelength 300 mu 
was chosen to measure uric acid formation instead of the peak absorption at 
295 my to avoid, as much as possible, absorption produced by the unknown. At 
pH 8 the unknown has a peak at 267 my. A blank containing enzyme and buffer 
showed no increase at 300 mu. After 55 min incubation of the unknown with the 
enzyme, spectral analysis showed one peak at 295 my with a minimum at 260 mx. 
Hypoxanthine incubated with the enzyme also showed a rapid increase at 300 my. 
The action of the enzyme on the unknown compound is interpreted as its conversion 


to uric acid, and it seems probable that the compound ts a purine. 
2. Galleria adults 


Che alimentary canal of Galleria moths, which do not feed or detaecate, has 
been reduced to a simple tube which widens into a sac at the posterior end of the 
body where metabolic waste products are stored. The sac becomes quite distended 


in large, old adults, and in dried adults which were dissected the reddish-brown 
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TABLE 2—INCUBATION OF EXTRACTED UNKNOWN FROM 
CHROMATOGRAMS WITH MILK OXIDASE IN 0-1 M 
PHOSPHATE BUFFER, pH 8, AT ROOM TEMPERATURE 


Time (min) O.D. 267 mu O.D. 300 mu 


0-700 
600 
580 
540) 
570 
540 


525 
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ANALYSIS OF FAECES 


Compounds 


Insects 


f 


Hypoxanthine 


( vtosine 
Xanthine 
Allantoin 


Cs;uanine 


Adenine 


Acheta domesticus 
All stages 

Oncopeltus fasciatus 
All stages 

Periplaneta americana 
All stages 

Tenebrio molitor 
Larvae 

Malacosoma americana 
Larvae 

Galleria me llone lla 
Larvae 

Galleria mellonella 


Adults 


deposit of material sometimes nearly filled half the abdomen. The sacs were 
dissected from freshly killed adults and from dried specimens; in both cases uric 





304 J. L. NATION AND R. L. PATTON 


acid predominated, as judged by the intensity of spots obtained, but traces of 
hypoxanthine could be detected. Urea, allantoin, and the unknown compound 


could not be detected. 


3. Other insects 

Excreta of the insects indicated in ‘Table 3 was tested chromatographically for 
the compounds in the column at the top. Hypoxanthine and the unknown are 
not found in excreta of any other insect examined, while uric acid is present in 
excreta of all and is estimated from intensities of spots on chromatograms to be 
the major excretory product of all the insects studied. Urea is present in excreta of 
Tenebrio larvae, Galleria larvae, and Oncopeltus. Allantoin is present in excreta of 


Tenebrio larvae. 


B. Quantitative Data 
Table 4 shows that Galleria larvae feeding on Haydak’s food mixture excrete 
26-37 + 7-43 mg uric acid and 2-30+0-65 mg hypoxanthine per gram of excreta. 
The standard deviation of the mean has been calculated using range as an estimator 


of variation (SNEDECOR, 1956). 


TABLE 4—URIC ACID AND HYPOXANTHINI 
IN Galleria LARVAL EXCRETA 


Larvae feeding on Haydak’s mixture 


Uric acid Hypoxanthine 
Sample per g excreta per g excreta 
(mag) (meg) 


Ne wh 


ite wnhre 


DISCUSSION 

Insects are, in general, uricotelic and it is not surprising to find that uric acid 
is the major excretory product of the insects studied. Purine intermediates in the 
synthetic pathway to uric acid, however, are not common in insect excreta. NELSON 
(1958) reported that hypoxanthine and xanthine are excreted by female sheep 
keds, Melophagus ovinus (L.), which have young in the body, whereas males of this 
species excrete only uric acid. MiItcHeELL and GLASSMAN (1959) found that the 
ry® mutant of Drosophila melanogaster Meig. excretes hypoxanthine as the only 
nitrogenous metabolite. Grar et al. (1959) showed that the ry? mutant lacks the 
enzyme xanthine oxidase, so the accumulation of hypoxanthine by Drosophila is 
probably the result of what Strauss (1960) calls a genetic block. Xanthine oxidase 
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is evidently present in Galleria larvae and adults and the genetic block concept will 
not adequately account for the hypoxanthine in Galleria excreta. Attempts to 


demonstrate hypoxanthine in Galleria larval blood were unsuccessful despite the 


use of two-dimensional chromatography. It does not seem likely that hypoxanthine 
arises from the food, for it occurs in excreta of larvae fed on Pablum, Haydak’s 
mixture, or broodcomb; it seems highly improbable that hypoxanthine would be 
present in all three foods. Furthermore, hypoxanthine was shown to be present in 
excreta dissected from adults which do not feed. 

It may be worthwhile to speculate on possible endogenous origins of hypo- 
xanthine in Galleria. Since hypoxanthine has not been detected in blood, it may be 
possible that it never enters the blood. It is generally believed that insect fat body 
is the main site of uric acid formation in insects and this has some experimental 
support (LieFerT, 1935; ANDERSON, 1953), but other tissues may contain xanthine 
oxidase and the gut functions in excretion in some insects. If xanthine oxidase were 
absent or inhibited in some tissue such as part of the gut or the Malpighian tubules, 
hypoxanthine arising in the normal course of metabolism could be excreted 
without being transported by the blood to the fat body. The possibility exists 
that there might be, instead of complete inhibition, a rate-limiting step or steps in 
the conversion of hypoxanthine to uric acid. BERGMANN and DIKsTEIN (1956) have 
shown that a rate limiting step does exist in conversion of hypoxanthine to uric 
acid by milk xanthine oxidase, and DiksTeIN ef al. (1957) demonstrated a greatly 
retarded conversion in cell-free extracts of Pseudomonas, a bacterium. It seems that 
a retarded reaction would allow hypoxanthine to accumulate in the blood in detect- 
able quantities unless it is localized in a particular tissue. ‘The possibility must be 
considered also that the conversion of hypoxanthine to uric acid is reversed in the 
Malpighian tubules or in the hind gut. Finally the possibility of microbial 
production in the gut may be mentioned. These avenues of research are 
presently being investigated. 


Studies on the unidentified compound 


The unidentified compound is not 4-amino-5-imidazole carboxamide, theo- 
bromine, or theophylline as these compounds show marked differences in 
chromatographic mobility from that of the unknown. 

Reference to Fig. 1 shows that the unknown substance has spectral properties 
quite similar to published properties of xanthine (CAVALIERI ef a/., 1948). Notable 
is the absence of a peak at 240 my in alkaline solution. Fig. 1 shows that a shoulder, 
and not a definite peak, is present at about 240 my, but one must bear in mind that 
some other substance not adequately separated from xanthine could cause absorp- 
tion in the far ultraviolet and mask the peak at 240 mp. Chromatograms of 
Galleria larval faeces always showed more or less non-specific yellow fluorescence 
under ultraviolet light along the entire chromatogram. In the present work known 
compounds were always chromatographed adjacent to faecal extracts when 
identification attempts were being made. Numerous chromatograms showed that 
xanthine and the unknown have similar mobilities. Typical R, values in an 
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isopropanol—water (10 : 3) system were xanthine 0-455, the unknown 0-476; in 
ethanol-—acetic acid—water (85 : 5:10) both R, values were approximately 0-3. 
Separation of the unknown from sodium chloride cannot be obtained in the 
latter solvent so exact R, values were not measured; sodium chloride produces a 
large yellow spot with the diphenylcarbazone—mercury reagent completely masking 
the unknown, which can then be detected only by its absorption of, and fluorescence 
in, ultraviolet light 

['wo isomers of xanthine (2,6 dioxypurine) exist and one of them (6,8 dioxy- 
purine) may be worth considering as possibly identical with the unknown 
Experimental data of CAVALIERI et al. (1948) suggest that the —C= C—C=N 
system of the purine molecule is the principal chromophore and enolization of a 


carbonyl group at position 2 of the purine ring provides the characteristic absorption 


peak at 240 my. Lack of a carbonyl group at position 2 in 6,8 dioxypurine should 
mean no peak at 240 my; spectra of 6,8 dioxypurine published by BERGMANN and 
DiksTEIN (1956) do not agree, however, in all details with spectra obtained with 
the unknown. 

In order to establish unequivocally the structure of the unknown it may be 
necessary to isolate the substance from excreta in pure crystalline form so that more 
conclusive analyses may be made. 

If one assumes that the unidentified compound in Galleria excreta is a purine 
metabolite and that the concentration is at least as great as that of hypoxanthine 
(Table 4), then the combined hypoxanthine and unknown compound account for 
nearly all the 20 per cent undetermined alkali soluble nitrogen of ZIELINSKA ( 1952) 
ZIELINSKA fed Galleria on wax while the quantitative data in Table 4 were obtained 
with larvae feeding on Haydak’s mixture. It was shown in the present work that 
hypoxanthine could be detected in excreta from larvae fed on wax, but only in 
trace amounts; and the unknown compound could never be positively identified 
Uric acid was estimated in excreta from larvae feeding on wax and the average of 
four determinations was 8-11 + 3-95 mg uric acid per gram excreta. This is about 
one-third the value in ‘Table 4 and it would appear that a decreased concentration 
of hypoxanthine, and probably of the unknown compound, likewise occurs 

NEEDHAM (1931) postulated that organisms not having abundant water supply 
during embryonic life tended to convert nitrogenous excretory products to less 
soluble and less toxic forms than ammonia. Support for NEEDHAM’s hypothesis 
has been found in many animals, including insects, although many insects do 
excrete traces of urea and some ammonia. Tenebrio larvae have access only to 
metabolic water and it is surprising that some nitrogen is still excreted as urea. 
Quantitative data would be valuable in assessing the effect of excreted urea on 
water economy in Tenebrio. 

\t least two pathways have been suggested through which urea may arise in 
insects. FLORKIN and DucHateau (1943) point out that degradation of purines 
may ultimately give rise to urea. More recently Garcia et al. (1956) have shown 


insect tissue to contain ornithine, citrulline, and the enzyme arginase; this suggests 


Kreb’s urea cycle may be operative in insect tissue. Isotope labelling appears to 





ruDY 


be the best way to determine the origin of urea and th quantitative importance of 
the suggested pathways 
These observations indicate a need for more study of nitrogen metabolism and 


excretion in insects 


SUMMARY 


~~ 


1. Galleria mellonella larvae excrete 26:37 + 7-43 mg uric acid and 2-30 + 0-65 mg 
hypoxanthine per gram excreta when feeding on Haydak’s food mixture. Galleria 
larvae also excrete some urea and an unidentified purine-like compound 

2. ‘The unidentified compound at pH 12 shows an absorption peak at 282 n 
and a shoulder at 240 my; at pH 2-8 only a single peak is present at 267 m,; 
Incubation of the compound with milk xanthine oxidase at pH 8 destroys the peak 
at 267 my and produces a compound having a peak at 295 my 

3. Galleria adults do not feed or defaecate, but store uric acid and hypoxanthine 
in an enlargement of the posterior part of the gut. The unidentified compound 
could not be positively detected in Galleria adults 

4. Uric acid is the major nitrogenous excretory product and the only purin 


excreted by Tenebrio molitor larvae, Malacosoma americana \arvae, Oncopeltus 


fasciatus, Periplaneta americana, and Acheta domesticus 


5. Tenebrio larvae excrete some allantoin 


6. Some urea is excreted by Tenebrio larvae and Oncopei 


Speculation upon the origin of purines other thar ic acid in Galleria 
excreta is discussed 
8. The significance of urea in excreta of Tenebrio and Oncopeltus is discussed 


and possible pathways for its synthesis enumerated 
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Abstract— Nerve 
growths im the alin 


tumours become malignant 


INTRODUCTION 

ON a considéré longtemps les Invertébrés comme incapables de développer des 
croissances tumorales. Puis on commenga a observer quelques tumeurs spontanées 
ou d'origine parasitaire. Mais la pathologie aprés intervention chirurgicale 
élective ne fut étudiée que par quelques auteurs 

Des tumeurs d’Insectes ont été décrites sur les Fourmis par Brun (1925) et 
sur les Drosophiles par Stark (1918, 1937). D’aprés STark, les tumeurs s 
développent a partir des disques imaginaux 

PFLUGFELDER (1938) a observé l’apparition de dégénérescences et de croissances 
tumorales chez Dixippus morosus (Chéleutoptére) aprés ablation des Corpora allata 
au premier ou au deuxiéme stade larvaire. II les a appelés sarcome et myome par 
analogie avec la pathologie humaine. II s’agit, dans les deux cas, de formations 
prenant naissance a partir de cellules peu différenciées du liquide sanguin 

Les tumeurs de la Drosophile et du Phasme n’ont donc pas la méme origine 
mais dans les deux cas elles se développent a partir d’un matériel peu differenci 

SCHARRER (1945, 1949) a obtenu des tumeurs chez Leucophaea maderae 
(Dictyoptére) par section du nerf récurrent. La fréquence d’apparition de tumeurs 
approche 80 pour cent chez les larves et les adultes pour les organes normalement 
innervés par le nerf récurrent: organes salivaires et partie antérieure du tubs 
digestif. BurpetTe (1954) constate l’apparition de melanomas chez des Drosophiles 
de souche ‘tu’ présentant une déficience de l’anneau de Weismann. L’HELIAs 
(1957) a obtenu des melanomas aprés injection d’acide folique sur des chrysalides 
de Pieris brassicae. HARKER (1958) a obtenu des tumeurs de |’intestin moyen chez 


Pertplaneta americana (Dictyoptére) par implantation répétée de ganglions sous- 


oesophagiens prélevés sur des animaux pour lesquels l’alternance de nuit et jour 


avait été inversée. 
METHODI 
Chez les Insectes, les tumeurs peuvent donc étre provoquces pat des inter- 


ventions différentes, mais les réactions de l’animal restaient trés peu connues. I] 
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nous a paru utile de tenter différentes opérations sur un méme matériel afin d’en 
tirer une étude plus détaillée. 

Nos recherches ont porté sur deux Insectes: Locusta migratoria L. (Orthoptére) 
et Leucophaea maderae F . (Dictyopteére). 

Sur les deux espéces d’animaux, anesthésiés dans un courant continu de gaz 
carbonique, différentes opérations furent réalisées: section du nerf récurrent sur 
adultes et larves au niveau de la membrane qui relie les tergites du prothorax au 
mésothorax ou au niveau de la membrane nuccale—section des nerfs éfférents du 
dernier ganglion de la chaine nerveuse ventrale—implantation d’organes sains, 
de tumeurs et d’objets inertes. 

Les animaux morts ou sacrifiés sont autopsiés dans le liquide physiologique 
de Ringer. Les organes malades sont prélevés et fixés au picroformol de Bouin, 
inclus dans la paraffine et colorés au glychémalun—€osine. 


RESULTATS 

Tumeurs spontanées 

Les animaux témoins ne presentent que tres rarement des tumeurs spontanees. 
Un seul cas a été observé chez Locusta migratoria: \intestin moyen d’une larve de 
stade V présentant une tumeur histiocytaire. Chez Leucophaea maderae, trois 
tumeurs de l’intestin moyen ont été observées sur des imagos. Les tumeurs 
observées ressemblent a celles obtenues expérimentalement. Leur apparition 
n’est nullement génante, elle prouve seulement que sans aucune intervention 
l’Insecte est capable de former une tumeur. 


2. Section du nerf récurrent 
La section du nerf récurrent peut provoquer chez les deux espéces d’Insectes 


des croissances tumorales dans les organes que ce nerf innerve, a savoir, les organes 
salivaires: glandes et réservoirs salivaires (Fig. 1) et la partie antérieure du tube 


digestif: oesophage, jabot, intestin moyen, et coecums gastriques. 


Des croissances tumorales se recontrent chez 76 pour cent des animaux en 
experience pour Leucophaea maderae. Chez Locusta migratoria, \e nerf récurrent 
se divise, au niveau du ganglion hypocérébral, en deux nerfs gastriques qui longent 
latéralement l’oesophage. I] apparait des tumeurs chez 6 pour cent des animaux a 
un nerf gastrique sectionné et 17 pour cent pour ceux dont les deux nerfs gastriques 
sont sectionnes. 

Le volume d’une tumeur n’est pas proportionnel a la durée de l’expérience. Le 
pourcentage des larves atteintes est sensiblement le méme que celui des adultes 
malades. 

En notant qu’un méme animal peut présenter plusieurs tumeurs, la fréquence 


de leur apparition dans les divers organes est donnée dans le Tableau | 


3. Section des nerfs efférents du dernier ganglion 
Ia section des nerfs efférents du dernier ganglion de la chaine nerveuse ventrale 


peut entrainer des croissances tumorales dans les organes normalement innervés 
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par ces nerfs, notamment les oviductes et la partie postérieure du tube digestif: 
ampoule rectale, rectum, et la partie postérieure de l’intestin moyen chez 17 pour 
cent des animaux en expérience pour Leucophaea maderae 


l ABLEAt 


Leucophaea maderae Locusta migratoria 
No 


Glandes salivaires 

Réservoirs salivaire 

Ocsophage 

Jabot 

Intestin moyen 

Coecums gastriques 
Total 


4. Implantations d’organes sains 

Des implantations d’organes sains sur animaux normaux ont été entreprises 
sur les deux espéces d’Insectes. L’implantat est un élément du tube digestif qui 
s'est révélé cancérisable aprés section du nerf récurrent. II est prélevé sur un 
animal disséqué sous liquide de Ringer et introduit dans la cavité générale ou 
implanté dans la cavité du réservoir salivaire de l’héte (Fig. 2). L’implantat, 
recontrant un milieu non toxique, peut survivre sans subir de changement. Mais 
le plus souvent, dans 95 pour cent des cas, il y a une réaction d’encapsulement de 
la part des histiocytes sanguins 4 noyau arrondi ou fusiforme. Les cellules basales 
embryonnaires des organes endodermiques (intestin moyen et coecums gastriques), 


peuvent également proliférer. L’édifice cellulaire qui en résulte ressemble aux 


tumeurs obtenues par section du nerf récurrent. Aprés cette derniére opération, 
si un animal présentait plusieurs tumeurs, on ne pouvait savoir s'il s’agissait de 
tumeurs multiples ou de métastases. Mais ici, si "héte est envahi, s'il présent 
des tumeurs, il ne peut s’agir que de métastases, la tumeur initiale étant devenuc 
maligne. Des métastases apparaissent dans 16 pour cent des cas chez Leucophaea 
maderae et dans 15 pour cent des cas chez Locusta migratoria 


5. Implantations de tumeurs 

Des implantations de tumeurs sur animaux sains furent entreprises chez 
Leucophaea maderae. De \’intestin et des organes salivaires cancérisés, obtenus pa! 
section du nerf récurrent, furent implantés dans la cavité générale de l’héte 
L’implantat survit et poursuit son développement. L’animal héte, dans 70 pour 
cent des cas, présente des métastases, les organes atteints étant le jabot, |’intestin 


moyen, les organes salivaires et les trachées 
6. Implantation d’un corps inerte 


Sur les deux espéces d’Insectes furent réalisées des experiences tendant a 


élucider la réaction de l’héte a l’implantation d'un corps inert L’implantat 
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(fragment de cellophane, etc.) est encapsulé par les histiocytes sanguins Chez 
une série d’animaux, le corps inerte fut retiré aprés un séjour de 4 jours dans 
abdomen de l’animal. L’édifice cellulaire qui l’encapsulait s’est alors résorbe, 
au plus tard en 10 jours. Un corps étranger non sterile est également encapsulc 
par les cellules sanguines. Des oenocytoides viennent mimer un épithélium, 
sécréter une ‘cuticule’ et isoler ainsi le corps ctranger 

Ces phénoménes constituent un simple enkystement d’un corps étranger La 
structure histologique simple, la résorption de la formation obtenue et l’absence de 


métastases les différencient des véritables tumeurs. 


CONCLUSIONS 
L’étude des tumeurs expérimentales chez les Insectes nous permet de tirer 
des résultats que nous venons d’exposer les conclusions suivantes 
Un organe privé de son innervation, se comporte comme un organe ou un 
corps étranger implantés dans un animal héte. I] provoque un afflux massif de 
cellules sanguines histiocytaires. L’amas cellulaire qui en résulte peut évoluer 
différemment 


1. Il y a simple enkystement lorsqu'il s’agit d’isoler un corps étranger. ‘est 


le processus normal de défense de l’organisme contre tout corps étranger implant 


ou d’origine parasitaire. Une telle formation a la faculté de se résorber si l'objet 
qui l’a provoqué est lui-méme résorbé ou retiré expérimentalement 

2. Lorsqu’un organe vivant a perdu son innervation, soit par section du nerf 
qui l’innervait, soit par implantation dans un hote, il peut étre le siége d'un 
tumeur, le plus souvent maligne. Une tumeur, formée d’un tissu d'origine sanguine, 
a perdu la possibilité de se résorber car sa croissance est continue. Elle envahit 
l’organisme en donnant naissance a des métastases 

3. Le tissu épithélial, notamment |’épithélium des réservoirs salivaires et les 
cellules basales embryonnaires de l’intestin moyen et des coecums gastriques, 
peut également dégénérer en formation cancéreuse. Mais ces tumeurs ¢ pithéliales 


sont toujours envahies par les histiocytes 


SUMMARY 


|. Various operations to incite tumours were undertaken on two species of 
insects: Leucophaea maderae F. (Dictyoptera) and Locusta migratoria | 
(Orthoptera) 

2. Spontaneous tumours ;¢ extremely rare in insects. Only four natural 
tumours have been found in the two species. ‘The insect is thus able to form 
tumours without intervention, which causes only an increase in the percentags 
of tumours 
3. Severance of nerves or implantation of tissue causes development of tumours 
he sites of these tumorous growths are the alimentary canal (oesophagus, foregut, 
midgut, rectum), the salivary glands and salivary reservoir, and the genital ducts 

+, Most tumours become malignant lhe malignant tumours invade and 


destroy the tissue of the affected organ and may give rise to metastasis 
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